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I.  Summary 


The  project  was  undertaken  to  construct  fast  liquid  crystal  based  devices,  which  would 
increase  the  reconfiguration  speeds  by  two  or  more  orders  of  magnitude.  We  explored 
the  use  of  a  new  class  of  materials  based  on  smectic  liquid  crystals,  which  have  been 
demonstrated  to  have  switching  speeds  as  fast  as  15  ns.  In  our  prior  work,  we  had  used 
liquid  crystals  as  switching  elements  in  WDM  optical  interconnects  using  the  slower 
nematic  liquid  crystals  with  outstanding  performance  but  much  slower  speeds.  The  goal 
of  this  project  was  to  explore  other  technologies  that  could  be  used  to  increase  the 
performance  of  these  devices.  We  found  that  while  ferroelectric  liquid  crystal  provide 
superior  switching  speeds,  these,  materials  exhibited  a  stronger  temperature  dependence 
which  prevented  us  from  using  this  technology  with  the  desired  level  of  performance  in 
the  optical  cross-connects.  Alternate  technologies  based  on  bistable  nematic  liquid 
crystals  were  explored  and  while  these  performed  better,  the  fabrication  of  these  devices 
proved  to  be  more  difficult. 
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II.  Overall  Objectives 


The  primary  goal  of  the  program  was  to  replace  the  slower  switching  nematic 
liquid-crystal-devices  currently  in  use  in  wavelength-selective  cross-connect 
(WS-XC)  switches  with  the  faster  ferroelectric  liquid  crystal  technology. 
Liquid  crystal  and  grating-based  WS-XC  are  capable  of  independently 
s-witching  WDM  channels  with  a  channel  spacing  of  less  than  1.6nm,  and  with 
a  cross-talk  and  channel  rejection  ratio  of  better  than  35  dB.  These 
configurations  are  currently  being  explored  both  by  JDS  Uniphase  as  well  as 
Coming. 

III.  Goals  and  Objectives  for  the  First  Year: 


In  the  first  year,  the  proposed  activity  was  to  investigate  the  fast  switching 
ferroelectric  liquid  crystals  to  be  used  as  switching  elements  in  optical  cross 
connects.  In  the  early  phase  of  the  program  the  activity  was  primarily  limited 
to  investigating  ferroelectric  materials,  with  focus  on  procuring  liquid  crystal 
materials  from  commercial  sources  and  making  test  devices  through  process 
development.  Additionally  we  will  focus  on  developing  modeling  capabilities 
to  investigate  the  performance  of  these  devices. 


IV.  Goals  and  Objectives  for  the  Second  Year: 


The  goal  was  the  successful  constmction  of  a  2x2  switch  using  the  fast 
ferroelectric  liquid  crystal  technology.  This  goal  was  used  to  optimize  the 
materials  and  the  processing  steps  necessary  to  constmct  an  optimized  liquid 
crystal  based  switching  element,  first  for  a  2x2  wavelength  independent  cross 
connect  switch  then  followed  up  in  the  following  year  with  a  final  32  channel 
optimized  array  module  to  be  incorporated  into  the  2x2  wavelength  selective 
cross-connect  switch. 

This  goal  was  accomplished  by  first  constructing  a  free  space  nematic  liquid 
crystal  based  device,  and  then  substituting  the  nematic  liquid  crystal  cells  with 
the  ferroelectric  liquid  crystal  cells. 

While  the  effort  was  successful  it  was  found  that  the  temperature  dependence 
of  the  electro-optic  materials,  ferroelectric  liquid  crystals  in  this  case,  was  not 
satisfactory.  This  was  due  to  the  temperature  dependence  of  the  tilt  angle, 
which  was  the  source  of  the  problem.  Effort  was  made  to  change  the 
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technology  by  reverting  back  to  the  nematic  liquid  crystals  but  operated  in  the 
bistable  mode. 

V.  Goals  and  Objectives  for  the  Third  Year: 

While  the  approach  of  using  nematic  liquid  crystals  operated  in  the  bistable 
mode  was  successful,  with  respect  to  the  contrast  ratio  and  performance  levels 
proved  to  be  a  difficult  technology  to  master  because  of  Ae  tight  tolerances 
required  during  the  cell  fabrication  process.  The  work  however  delayed  the 
task  of  constructing  the  arrays  based  on  the  ferroelectric  liquid  crystal 
technology,  which  was  abandoned. 


VI.  Summary  of  Results 

The  project  was  undertaken  to  construct  fast  liquid  crystal  based  devices, 
which  would  increase  the  reconfiguration  speeds  by  two  or  more  orders  of 
magnitude.  We  explored  the  use  of  a  new  class  of  materials  based  on  smectic 
liquid  crystals,  which  have  been  demonstrated  to  have  switching  speeds  as  fast 
as  15  ns.  In  our  prior  work,  we  had  used  liquid  crystals  as  switching  elements 
in  WDM  optical  interconnects  using  the  slower  nematic  liquid  crystals  with 
outstanding  performance  but  mueh  slower  speeds.  The  goal  of  this  project  was 
to  explore  other  technologies  that  could  be  used  to  increase  the  performance 
of  these  devices.  We  found  that  while  ferroelectric  liquid  crystal  provide 
superior  switching  speeds,  these,  materials  exhibited  a  stronger  temperature 
dependence  which  prevented  us  from  using  this  technology  with  the  desired 
level  of  performance  in  the  optical  cross-connects.  Alternate  technologies 
based  on  bistable  nematic  liquid  crystals  were  explored  and  while  these 
performed  better,  the  fabrication  of  these  devices  proved  to  be  more  difficult. 

The  detailed  results  of  the  work  are  contained  in  the  attached  reports  and  the 
complete  description  contained  in  the  associated  published  papers  that  are  also 
attached. 

VII.  List  of  Technical  Publications  (copies  attached) 

1.  Y.  J.  Kim,  Z.  Zhuang  and  J.  S.  Patel,  "Reflective  single-polarizer  bistable 
nematic  liquid  crystal  display  with  optimum  twist,"  SID  99  Digest,  866 
(1999). 

2.  Z.  Zhuang,  S.  Suh  and  J.  S.  Patel,  "Polarization  controller  using  nematic 
liquid  crystals,"  Optics  Letter,  24,  694  (1999). 
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3.  Z.  Zhuang,  Y.  J.  Kim  and  J.  S.  Patel,  "Parameters  optimization  for  a 
reflective  bistable  twisted  nematic  display  using  the  Poincare  sphere 
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reflective  bistable  twisted  nematic  displays,"  Applied  Physics  Letter,  75, 
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5.  Z.  Zhuang,  S.  Suh  and  J.  S.  Patel  “Arbitrary  to  arbitrary  polarization 
controller  using  nematic  liquid  crystals,”  August  1999.  Proc.  SPIE99. 

6.  Z.  Zhuang,  Y.  J.  Kim  and  J.  S.  Patel,  “Bistable  twisted  nematic  liquid- 
crystal  optical  switch”  Applied  Physics  Letters,  vol.  75,  number  19,  pp 
3008  to  3010,  November  1999. 

7.  Z.  Zhuang,  and  J.  S.  Patel,  “Behavior  of  cholesteric  liquid  crystals  in  a 
Fabry-Perot  cavity”  Optics  Letters,  vol.  24,  number  23,  pp  1759  to  1761, 
December  1999. 

8.  Z.  Zhuang,  Y.  J.  Kim  and  J.  S.  Patel,  “  Liquid  crystal  devices  for  light 
limiting  applications,”  December  1999.  Proc.  MRS99 

9.  Z.  Zhuang,  Y.  J.  Kim  and  J.  S.  Patel,  "  Behavior  of  cholesteric  liquid 
crystals  in  a  Fabry-Perot  cavity  in  the  Bragg  Reflection  Band,"  Physical 
Review  Letter,  vol.  84,  number  6,  pp  1 168  to  1 1 7 1 ,  February  2000. 

10.  Z.  Zhuang,  Y.  J.  Kim  and  J.  S.  Patel,  "  Electrically  controllable  azimuth 
optical  rotator,”  Applied  Physics  Letter,  vol.  76,  number  17,  pp  2334  to 
2336,  April  2000 


1 1 .  Z.  Zhuang,  S.  Suh,  Y.  J.  Kim  and  J.  S.  Patel,  "  Defect  in  the  circular- 
circularity  rubbed  liquid  crystal  cell  with  off-center  alignment,”  Applied 
Physics  Letter,  vol.  76,  number  21,  pp  3005  to  3007,  May  2000. 


12.  Z.  Zhuang,  Y.  J.  Kim  and  J.  S.  Patel,  "  Achromatic  linear  polarization 
rotator  using  twisted  nematic  liquid  crystals,"  Applied  Physics  Letter,  vol. 
75,  number  26,  pp  3995  to  3997,  June  2000. 

13.  Z.  Zhuang,  Y.  J.  Kim  and  J.  S.  Patel,  “Effect  of  multidirectional  rubbing 
on  the  alignment  of  nematic  liquid  crystals,"  Applied  Physics  Letter,  vol. 
77,  number  4,  pp  513  to  515,  July  2000. 

14.  Z.  Zhuang,  Y.  J.  Kim  and  J.  S.  Patel,  "Polarization  states  of  Ferroelectric 
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Overall  Objectives 

Our  goal  is  to  construct  fast  liquid-crystal-based  devices  that  will  increase  the 
reconfiguration  speeds  of  optical  links  by  more  than  one  order  of  magnitude.  These 
switches  are  the  building  blocks  of  various  optical  networks  and  offer  a  wide-ranging 
utility,  from  simple  by-pass  protection  switches  to  more  complex  wavelength-dependent 
cross-  connect  switches  used  in  WDM  architectures. 

A  primary  goal  of  the  following  program  is  replacing  the  slower  switching  nematic 
liquid-crystal-devices  cun-ently  in  use  in  wavelength- selective  cross-connect  (WS-XC) 
switches.  Liquid  crystal  and  grating- based  WS-XC  are  capable  of  independently 
switching  WDM  channels  with  a  channel  spacing  of  less  than  1.6nm,  and  with  a  cross¬ 
talk  and  channel  rejection  ratio  of  better  than  35  dB. 

This  is  a  technical  report  summarizing  the  accomplishments  since  the  conception  of  the 
program  in  mid  April. 

Goals  and  Objectives  for  the  First  Year: 

In  the  first  year,  the  proposed  activity  was  to  investigate  the  fast  switching  ferroelectric 
liquid  crystals  to  be  used  as  switching  elements  in  optical  cross  connects.  In  the  early 
phase  of  the  program  the  activity  will  be  primarily  limited  to  investigating  these 
materials,  with  focus  on  procuring  liquid  crystal  materials  from  commercial  sources  and 
making  test  devices  through  process  development  Additionally  we  will  focus  on 
developing  modeling  capabilities  to  investigate  the  performance  of  these  devices. 

Accomplishments  in  this  quarter: 

We  have  established  a  web  site  for  the  program  located  at:  http://thor.phvs.psu.edu/ngi. 

This  site  outlines  the  aim  of  the  project  and  major  accomplishments  will  be  posted  at  this 
site  form  time  to  time  to  gain  visibility  for  the  program. 

Personal  associated  with  the  project 

Since  the  beginning  of  the  project  in  mid-April,  we  have  hired  two  additional  post¬ 
doctoral  personnel.  Dr.  Barad  has  been  recraited  for  his  work  in  optics,  and  Dr.  Kim  for 
his  expertise  in  the  modeling  and  construction  of  liquid  crystal  devices.  They  join  the  pre¬ 
existing  team  of  Dr.  Suh,  a  third  post-doc,  a  graduate  student  Mr.  Zhuang,  and  Prof  Jay 
Patel,  the  PI. 

Technical  Progress: 

The  team  has  already  developed  preliminary  modeling  capabilities  for  the  rapid 
evaluation  of  new  stmctures  of  liquid  crystals.  This  includes  numerical  simulations  of 
liquid  crystal  structures  and  their  optical  properties.  Additionally,  we  have  begun  the 
construction  of  a  new  process  in  an  effort  to  make  defect-free  structures  of  ferroelectric 
liquid  crystals.  We  have  also  begun  the  constmction  of  an  automated,  computer-based 
polarization  measurement  system,  which  will  be  used  to  characterize  the  performance  of 
the  fabricated  liquid  crystal  devices  and  to  compare  the  results  with  simulations.  This 
measuremert  system  is  currently  being  tested  using  conventional  nematic  liquid  crystal 
devices.  And  in  foresight  of  the  challenges  of  FY-99,  we  have  also  begun  the 
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construction  of  a  2x2  free  space  optical  system  using  nematic  liquid  crystals,  which  will 
allow  us  to  better  assess  our  progress  toward  achieving  our  scheduled  goals. 

Publications: 

No  papers  on  work  supported  by  this  program  were  published  in  this  quarter 

Consultative  and  Advisory  Functions: 

None 

Significant  discoveries 

Although  much  progress  has  been  made,  the  program  is  in  its  very  early  stages  for  major 
significant  discoveries. 
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This  is  a  technical  report  summarizing  the  accomplishments  since  the  first  quarterly 
report  submitted  in  August  1998 

The  web  site  for  flie  program  located  at: 

http://thor.phvs.psu.edu/ngi,  it  has  been  updated  to  include  the  material  recently  presented 
at  the  DARPA  PI  meeting. 

rnmparison  of  the  goals  and  achievements: 

The  goal  for  the  first  six  months  of  the  projects  was  to  explore  ferroelectric  liquid  crystal 
technology  to  make  control  elements  for  optical  cross  connects.  The  strategy  in  achieving 
this  goal  was  to  identify  potential  roadblocks,  and  examine  possible  solutions  to 
overcome  these  roadblocks. 

The  first  problem  was  to  obtain  a  well  aligned  sample  of  ferroelectric  liquid  crystal, 
before  any  attempt  is  made  to  optimize  the  speed  Although  this  is  a  well  know  problem 
in  the  liquid  crystal  field  the  solution  has  be^  lacking.  Our  approach  has  been  to  use  a 
commercially  available  liquid  crystal  material  to  investigate  the  problem.  It  was 
confirmed  that  using  standard  techniques  for  cell  constmction,  leads  to  the  formation  of 
the  7ig7ag  defects  which  result  in  optical  losses  fiirough  the  device.  Although  this 
problem  is  not  serious  for  common  display  applications,  the  use  of  this  technobgy  for 
optical  cross-connects  requires  achieving  demanding  performance  targets,  and  therefore 
these  defects  needs  to  be  eliminated  or  controlled. 

The  defects  arise  firom  the  changes  in  the  layer  thickness  of  the  smectic  layers,  which 
causes  layer  buckling  giving  rise  to  the  characteristic  zigzag  defects.  An  alignment 
method  in  which  these  defects  can  be  removed  would  represent  a  significant 
breakthrough. 

Our  strategy  has  been  to  surround  the  active  region  with  a  more  easily  deformed  region, 
using  lithographic  techniques,  with  the  idea  that  the  strain  will  migrate  to  the  area  where 
the  deformations  are  easy.  Our  early  results  suggests  that  this  strategy  has  indeed  been 
successful  and  that  in  the  samples  processed  in  this  was  there  is  no  evidence  of  zigzag 
defects. 

We  believe  this  represents  a  significant  achievement,  but  one  which  has  to  be  evaluated 
further  to  better  understand  the  limits  of  its  applicability.  For  example  the  size  and  the 
nature  of  the  strain  relief  area  it  is  not  yet  be  evaluated  in  a  systematic  manner.  This  is 
expected  to  be  completed  in  the  next  quarter. 

We  have  also  evaluated  the  switching  characteristic  of  the  aligned  sample,  and  although 
much  faster  switching  speeds  have  been  achieved  compared  to  the  nematic  liquid  crystal 
based  technology,  we  believe  that  by  using  different  materials  we  should  be  able  to 
further  improve  the  switching  speeds.  We  are  currently  in  the  process  of  procuring  faster 
switching  materials. 
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The  task  of  making  a  2X2  liquid  crystal  based  cross  connect  switch  is  also  under  way, 
initially  using  a  nematic  liquid  crystal  cells  to  optimize  the  optics.  Once  the  ferroelectric 
hquid  crystals  have  been  constracted,  these  will  be  substituted  in  the  switch. 


Figure  1.  Photographs  of  the  ferroelectric  liquid  crystal  cells  taken  between  cross 
polarizers.  The  characteristic  defects  are  clearly  visible  in  the  left  photograph,  whereas 
on  the  right  the  defects  are  eliminated  (center  dark  region)  using  a  surrounding  relief 
region  formed  by  lithography. 
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I.  Comparison  of  the  project’s  goals  and  achievements 


The  goal  for  this  project  in  1999  is  to  construct  a  2x2  switch  using  the  fast 
ferroelectric  liquid  crystal  technology.  This  goal  will  allow  us  to  optimize  the 
materials  and  the  processing  steps  necessary  to  constmct  an  optimized  liquid 
crystal  based  switching  element,  which  will  first  be  used  in  a  2x2  wavelength 
independent  cross  connect  switch.  Once  completed,  our  work  will  serve  as  the 
basis  for  the  constmction  of  the  final  32  channel  optimized  array  module  to  be 
incorporated  into  the  2x2  wavelength  selective  cross-connect  switch. 

Based  on  the  presentations  and  the  vendor  exhibits  at  the  recent  Optical  Fiber 
Optic  Communications  Conference,  it  is  clear  that  there  is  a  demand  for 
optical  switches  that  operate  with  microsecond  response  time.  Thus,  our 
study  of  the  ferroelectric  liqurd  crystals  and  other  faster  switching  liquid 
crystal  technologies  is  both  timely  and  important. 

The  work  has  begun  on  two  fronts: 

(1)  Constructing  the  optical  systems  necessary  to  evaluate  the  cross- connect 

switch  and  other  devices  and 

(2)  Developing  the  necessary  theoretical  modeling  capabilities,  based  on 

Stokes  parameters  calculations,  for  the  optimization  of  the  liquid  crystal 

devices. 

In  last  quarter,  we  began  constmcting  the  2x2  switches  using  polarization 
beam  splitters.  Using  nematic  liquid  technology,  we  have  obtained  very 
encouraging  results.  Also,  we  have  obtained  preliminary  results  using 
ferroelectric  liquid  crystals  and  have  demonstrated  switching  speeds  of  less 
than  100  microseconds.  However,  we  need  to  complete  additional  work  to 
improve  the  cross-talk  and  rejection. 

In  developing  the  modeling  capabilities,  we  have  chosen  to  first  model  the 
nematic  liquid  crystals  whose  electro-optic  behavior  is  better  understood. 
This  part  of  our  project  has  been  successful.  We  have  been  able  to  apply  these 
tools  to  explore  new  bistable  nematic  liquid  crystal  stmctures,  which  could 
lead  to  high  performance  fiber-optic  switches  capable  of  latching.  This  work 
has  resulted  in  several  publications  and  provisional  patents,  which  have  been 
filed.  At  this  point,  we  feel  confident  with  our  modeling  capabilities  to  tackle 
the  more  challenging  task  of  understanding  and  optimizing  the  electro- optical 
properties  of  the  faster  switching  ferroelectric  liquid  crystals. 
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The  following  figure  (Figure  1)  shows  an  example  of  comparison  between 
the  experimentally  obtain  data,  represented  by  points,  and  the  theoretically 
calculated  curve.  Using  Stokes  vector,  the  figure  shows  the  output 
polarization  of  the  hght  passing  through  a  ferroelectric  liquid  crystal  in 
presence  of  an  applied  electric  field.  The  field  is  varied  linearly  firom  0  to  5 
volts  and  applied  across  a  five -micrometer  thick  ferroelectric  liquid  crystal 
sample. 

The  solid  curve  represents  the  output  Polarization  State  of  a  fixed 
waveplate,  which  is  rotated  through  180  degrees.  The  match  between  theory 
and  experiment  suggests  that  the  application  of  the  electric  field  essentially 
rotates  the  optic  axis  without  much  change  in  the  optical  thickness. 


Figure  1.  Output  polarization  of  light  passing  through  ferroelectric 
liquid  crystal.  Comparison  between  theory  and  experiments  is  shown. 
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II.  Publications  and  Manuscripts  in  Preparation 

1 .  Y.  J.  Kim,  Z.  Zhuang  and  J.  S.  Patel,  "Reflective  single -polarizer  bistable 
nematic  liquid  crystal  display  with  optimum  twist,"  to  be  published  in 
Proc.  Sn)99. 

2.  Z.  23iuang,  S.  Suh  and  J.  S.  Patel,  "Polarization  controller  using  nematic 
liquid  crystals,"  to  be  published  in  Optics  Letters,  May  15,  1999. 

3.  Z.  Zhuang,  Y.  J.  Kim  and  J.  S.  Patel,  "Poincare  sphere  representation  for 
twisted  nematic  liquid  crystals:  application  to  reflective  BIN  display,"  In 
Preparation  for  Appl.  Phys.  Letts. 

4.  Z.  Zhuang,  Y.  J.  Kim  and  J.  S.  Patel,  "Optimization  of  single-polarizer 
reflective  BTN  display,"  In  Preparation  for  Optics.  Letts. 


III.  Professional  Personal 

Z.  Zhuang  -  Graduate  Student 

Y.  J.  Kim  -  Post  Doctoral  Fellow 

YanivBarad  -  Post  Doctoral  Fellow 

Jay  Patel  -  Principal  Investigator 

IV.  Inventions  and  Patent  Disclosures 

During  the  course  of  the  work,  in  the  process  of  developing  modeling 
capabilities  we  have  discovered  new  optimized  bistable  nematic  structures. 
While  these  stmctures  will  have  uses  for  bistable  switches,  we  believe  that  it 
may  also  have  uses  as  displays.  We  have  filed  two  provisional  patents,  which 
cover  these  discoveries. 

1.  "Reflective  Mode  of  a  bistable  twisted  nematic  with  a  single  polarizer  in 
an  optimized  transition  for  twist,"  PSU  Invention  disclosure  No.  98-2050. 

2.  "Polarization  controller  using  nematic  hquid  crystals,"  PSU  Invention 
disclosure  No.  98-2072. 
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Technical  Status  Report 


I.  Comparison  of  the  project’s  goals  and  achievements 


The  goal  for  his  project  in  1999  is  to  construct  a  2x2  switch  using  the  fast 
ferroelectric  liquid  crystal  technology.  This  goal  will  allow  us  to  optimize  the 
materials  and  the  processing  steps  necessary  to  construct  an  optimized  liquid 
crystal  based  switching  element,  which  will  first  be  used  in  a  2x2  wavelength 
independent  cross  connect  switch.  Once  completed,  our  work  will  serve  as  the 
basis  for  the  construction  of  the  final  32  channel  optimized  array  module  to  be 
incorporated  into  the  2x2  wavelength  selective  cross-connect  switch. 

Based  on  the  presentations  and  the  vendor  exhibits  at  the  recent  Optical  Fiber 
Optic  Communications  Conference,  it  is  clear  that  there  is  a  demand  for 
optical  switches  that  operate  with  microsecond  response  time.  Thus,  our 
study  of  the  ferroelectric  liquid  crystals  and  other  fast  switching  liquid  crystal 
technologies  is  both  timely  and  important. 

The  work  has  begun  on  two  fronts: 

(1)  Constructing  the  optical  systems  necessary  to  evaluate  the  cross-connect 

switch  and  other  devices  and 

(2)  Developing  the  necessary  theoretical  modeling  capabilities,  based  on 

Stokes  parameters  calculations,  for  the  optimization  of  the  liquid  crystal 

devices. 

In  the  last  quarter,  we  used  Stokes  vector  and  the  Poincare  sphere 
representation  to  model  the  evolution  of  the  state  of  polarization  (SOP)  of 
light  as  a  function  of  applied  voltage  for  ferroelectric  liquid  crystals.  In  this 
report,  we  successfully  optimized  the  ferroelectric  liquid  crystal  cell  and 
obtained  well-aligned  samples. 

To  achieve  cell  optimization,  we  have  investigated  several  liquid  crystal 
materials  in  cell  with  various  thickness,  and  measured  the  output  SOP  using 
Stokes  parameters  in  the  Poincare  sphere  representation.  Figure  1  shows  the 
ferroelectric  liquid  crystal  sample,  which  is  optimized  for  the  wavelength  of 
1550nm.  The  material  used  is  CS-1026  (Chisso  Corp.),  and  the  cell  thickness 
is  4.9  pm.  The  output  polarization  through  this  cell  is  measured  using  Stokes 
parameters.  The  results  are  shown  in  Figure  2.  The  output  polarizations  of  the 
two  stable  states  are  substantially  linear  and  orthogonal  to  each  other.  The 
transmission  of  the  cell  between  the  cross-polarizer  is  measured  to  be  -42dB  at 
one  state  and  -1.3dB  at  the  other  state  for  1550nm  wavelength. 
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The  switching  property  of  this  sample  is  shown  in  Figure  3.  Square 
waveform  voltage  is  applied  to  the  sample  and  the  rising  and  falling  times  are 
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Figure  2.  Output  SOP  for  two  stable  states. 
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Figure  3.  The  switching  property  of  the  ferroelectric  liquid  crystal  sample. 


II.  Publications 

1.  Y.  J.  Kim,  Z.  Zhuang  and  J.  S.  Patel,  "Reflective  single-polarizer  bistable 
nematic  liquid  crystal  display  with  optimum  twist,"  SED  99  Digest,  866 
(1999).  Previously  reported  as  to  be  published. 

2.  Z.  Zhuang,  S.  Suh  and  J.  S.  Patel,  "Polarization  controller  using  nematic 
liquid  crystals,"  Optics  Letter,  24,  694  (1999).  Previously  reported  as  to  be 
published. 

3.  Z.  Zhuang,  Y.  J.  Kim  and  J.  S.  Patel,  "Parameters  optimization  for  a 
reflective  bistable  twisted  nematic  display  using  the  Poincare  sphere 
method,"  to  be  published  in  Optics  Letter,  Aug.  15,  1999.  Previously 
reported  as  in  preparation. 

4.  Z.  Zhuang,  Y.  J.  Kim  and  J.  S.  Patel,  "Optimized  configuration  for 
reflective  bistable  twisted  nematic  displays,"  to  be  published  in  Applied 
Physics  Letter.  Previously  reported  as  in  preparation. 


III.  Professional  Personal 

Z.  Zhuang  -  Graduate  Student 
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Jay  Patel 


-  Post  Doctoral  Fellow 

-  Principal  Investigator 


IV.  Inventions  and  Patent  Disclosures 

During  the  course  of  the  work,  while  developing  modeling  capabilities,  we 
discovered  new  optimized  bistable  nematic  structures.  These  structures  will 
have  uses  in  bistable  switches,  but  we  believe  that  they  may  also  have  uses  as 
displays.  We  have  filed  four  provisional  patents. 

1.  "Reflective  Mode  of  a  bistable  twisted  nematic  with  a  single  polarizer  in 
an  optimized  transition  for  twist,"  PSU  Invention  disclosure  No.  98-2050. 

2.  "Parameters  optimization  for  reflective  BTN  display  using  the  Poincare 
sphere  method,"  PSU  Invention  disclosure  No.  98-2050/2. 

3.  "Optimized  configuration  for  reflective  bistable  twisted  nematic  displays," 
PSU  Invention  disclosure  No.  98-2050/3. 

4.  "Polarization  controller  using  nematic  liquid  crystals,"  PSU  Invention 
disclosure  No.  98-2072. 
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I.  Comparison  of  the  project’s  goals  and  achievements 

The  goal  for  this  project  in  1999  is  to  construct  a  2x2  switch  using  &e  fast 
ferroelectric  liquid  crystal  technology.  This  goal  will  allow  us  to  optimize  the 
materials  and  the  processing  steps  necessary  to  constmct  an  optimized  liquid 
crystal  based  switching  element,  which  will  first  be  used  in  a  2x2  wavelength 
independent  cross  connect  switch.  Once  completed,  our  work  will  serve  as  the 
basis  for  the  consttuction  of  the  final  32  channel  optimized  array  module  to  be 
incorporated  into  the  2x2  wavelength  selective  cross-connect  switch. 

Based  on  the  presentations  and  the  vendor  exhibits  at  the  recent  Optical  Fiber 
Optic  Communications  Conference,  it  is  clear  that  there  is  a  demand  for 
optical  switches  that  operate  with  microsecond  response  time.  Thus,  our 
stucfy  of  file  ferroelectric  liquid  crystals  and  other  fast  switching  liquid  crystal 
technologies  is  both  timely  and  important 

The  work  has  begun  on  two  fronts: 

(1)  Constructing  die  optical  systems  necessary  to  evaluate  the  cross-connect 
switch  and  other  devices  and 

(2)  Developing  the  necessary  theoretical  modeling  capabilities,  based  on 
Stokes  parameters  calculations,  for  the  optimization  of  the  Uquid  crystal 
devices. 

In  the  last  quarter,  we  successfully  optimized  the  ferroelectric  liquid 
crystal  cell  and  obtained  well-ahgied  samples  by  investigating  several  liquid 
crystal  materials  with  various  thickness.  In  this  rejxrrt,  we  explored  the  new 
structures  of  the  bistable  twisted  nematic  (BTN)  liquid  crystal,  which  could 
lead  to  high  performance  fiber-optic  switches  capable  of  latching. 

BTN  structure  is  attractive  because  it  can  be  switched  between  two 
bistable  states  using  special  electrical  pulses.  This  property  makes  BTN  ideal 
structure  for  latching  switches.  We  have  successfully  developed  a  geometrical 
method  to  model  BTN  stmcture,  which  is  based  on  the  Poincare  sphere  (PS) 
representation  and  Stokes  parameters.  We  have  already  solved  the 
optimization  problems  for  the  reflective  BTN  display  using  this  geometrical 
method.  The  same  method  can  be  applied  in  optimizing  BTN  for  optical 
switch. 

For  a  BTN  stmcture  to  be  used  in  optical  switches,  the  two  bistable  states 
need  to  produce  orthogonal  linear  SOP  in  the  absence  of  the  field,  to  obtain 
complete  transmission  and  complete  extinction.  Preliminary  results  have  been 
obtained  in  the  optimization  of  the  BTN  optical  switched.  As  shown  in  Fig.  1., 
we  assume  the  entrance  director  (Cl)  of  the  BTN  cell  is  at  0°.  The  firont 
polarizer  (A)  is  at  angle  D/2  (0  on  the  PS),  while  the  rear  polarizer  is  at  angle 
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D/2.  We  note  that  the  angle  between  the  polarizer  and  the  analyzer  (1+0)  may 
not  be  integer  multiplier  of  90D,  as  is  commonly  assumed  for  display 
applications.  The  two  twisted  states  have  uniform  twists  of  D  and  DD2D, 
respectively,  so  the  rear  director  (C2)  is  at  an  angle  D  with  respect  to  Cl  on 
the  PS.  There  are  two  cases  (A1  and  A2  in  Fig.  1)  when  the  output  SOP  are 
linear.  The  angle  between  these  two  output  linear  polarized  states  is  H  on  the 
PS  (0  in  the  real  space).  As  illustrated  in  Fig.  1(b),  for  optimized  structure,  the 
orthogonality  of  these  two  output  linear  SOP  requires  that  D=DD/2.  Therefore 
the  incident  light  should  be  linearly  polarized  at  D45D  with  respect  to  the 
entrance  director. 


(a)  (b) 

Fig.  1 :  S1-S2  projection  plane  of  the  Poincare  sphere  for  the  linear  SOP 
output.  Cl  and  C2  are  the  directions  of  the  entrance  and  rear  directors, 
respectively.  A  is  the  orientation  of  the  front  polarizer,  (a):  general  structure. 

(b):  optimized  structure. 

Works  are  currently  in  progress  in  obtaining  the  specific  configurations  for 
the  optimized  geometry  by  the  use  of  the  Poincare  sphere  method.  Preliminary 
experiments  are  also  in  preparation. 


II.  Publications 

1 .  Z.  Zhuang,  Y.  J.  Kim  and  J.  S.  Patel,  "Parameters  optimization  for  a 
reflective  bistable  twisted  nematic  display  using  the  Poincare  sphere 
method,"  Optics  Letter,  24,  1 166  (1999).  Previously  reported  as  to  be 
published. 

2.  Z.  Zhuang,  Y.  J.  Kim  and  J.  S.  Patel,  "Optimized  configuration  for 
reflective  bistable  twisted  nematic  displays,"  Applied  Physics  Letter,  75, 
1225  (1999).  Previously  reported  as  to  be  published. 
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III.  Professional  Personal 

Z.  Zhuang  -  Graduate  Student 

Y.  J.  Kim  -  Post  Doctoral  Fellow 
Jay  Patel  -  Principal  Investigator 


IV.  Inventions  and  Patent  Disclosures 

During  the  course  of  the  work,  while  developing  modeling  capabilities,  we 
discovered  new  optimized  bistable  nematic  structures.  These  structures  will 
have  uses  in  bistable  switches,  but  we  believe  that  they  may  also  have  uses  as 
displays.  We  have  filed  five  provisional  patents. 

1.  "Reflective  Mode  of  a  bistable  twisted  nematic  with  a  single  polarizer  in 
an  optimized  transition  for  twist,"  PSU  Invention  disclosure  No.  98-2050. 

2.  "Parameters  optimization  for  reflective  BTN  display  using  the  Poincare 
sphere  method,"  PSU  Invention  disclosure  No.  98-2050/2. 

3.  "Optimized  configuration  for  reflective  bistable  twisted  nematic  displays," 
PSU  Invention  disclosure  No.  98-2050/3. 

4.  "Polarization  controller  using  nematic  liquid  crystals,"  PSU  Invention 
disclosure  No.  98-2072. 
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I.  Comparison  of  the  project’s  goals  and  achievements 


One  of  the  secondary  goals  of  the  project  is  to  explore  other  liquid  crystal 
technologies  that  could  lead  to  breakthroughs.  Towards  this  end  we  have 
begun  the  exploration  of  cholesteric  liquid  crystals  which  will  become  the 
focus  of  our  activities  over  the  next  6  to  9  months. 

In  beginning  this  project  considerable  amount  of  effort  was  devoted  to  the 
alignment  of  the  cholesteric  liquid  crystals  and  making  sure  that  there  are  very 
few  defects  in  the  sample.  This  is  particularly  unportant  because  the  materials 
will  be  used  in  a  Fabry-Perot  resonator  to  allow  a  wavelength  tunable  device. 

The  goal  is  examine  these  structures  in  two  pitch  regimes: 


(1)  Pitch  much  larger  that  the  optical  wavelength 

(2)  Pitch  comparable  to  the  optical  wavelength.. 

II.  Achievements 


In  this  quarter,  we  successfully  examined  the  long  wavelength  regime.  We 
investigate  the  behavior  of  cholesteric  liquid  crystal  (CLC)  inside  a  Fabry- 
Perot  (FP)  cavity.  Although  FP  cavities  filled  with  various  liquid  crystals  have 
been  extensively  studied,  the  behavior  of  the  CLC  based  FT*  has  not  been 
reported.  For  CLC,  the  twisted  structure  can  be  changed  because  the  pitch  is  a 
function  of  temperature.  In  a  parallel-rubbed  CLC  FP,  the  balance  between  the 
strong  surface  anchoring  and  the  elastic  energy  yields  a  step-like  resonance 
spectrum.  This  corresponds  to  the  quantized  effective  pitch  that  the  system 
assumes  when  both  surface  alignments  are  fixed.  Experiment  results  for 
parallel-rubbed  samples  are  presented  and  explained  theoretically  by  the  use 
of  the  Jones  matrix  calculations. 

For  the  twisted  nematic  LC  structure,  the  twisted  director  profile  is  a  product 
of  the  surface  anchoring  effect.  The  pitch  of  the  twisted  structure  is 
determined  by  the  surface  rubbing  direction  and  the  thickness  of  the  cell.  For 
CLC,  the  material  has  a  natural  pitch,  which  is  determined,  by  the  temperature 
of  the  material.  In  case  where  the  CLC  molecules  at  the  surfaces  are  in  the 
plane  of  the  surface,  the  planar  structure  of  the  CLC  is  well  defined,  at  least  in 
principle.  If  we  consider  the  surface  to  be  parallel  to  the  x-y  plane,  then  the 
director  can  be  represented  by  (sinfc;,coskz,0),  where  k=27i/p  and  p  is  the 
helical  pitch.  The  director  is  rotated  linearly  along  the  z-axis  by  an  angle 
k  ■  d  from  one  surface  to  the  other,  where  d  is  the  thickness  of  the  sanple.  In 
general  k  is  temperature  dependent.  However,  if  the  CLC  is  confined  in  a  cell 
with  fixed  boundary  conditions  such  that  the  directors  at  both  surfaces  are 
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forced  to  lie  along  a  fixed  direction,  then  the  total  amount  of  twist  from  one 
surface  to  the  other  is  no  longer  k  d  but  rather  k'-d ,  where  k’  satisfies  the 
relafion  k'-d  =  mn.  The  integer  m  is  chosen  in  such  a  way  that  k  and  differs 
as  little  as  possible.  Although  A:  is  a  continuos  function  of  temperature,  k’  is 
quantized.  This  suggests  that  a  CLC  FP  subjected  to  temperature  changes 
would  produce  cavity  resonance  spectrums  that  vary  in  a  step-like  fashion. 

To  demonstrate  the  above  considerations,  we  used  a  material  which  is 
readily  available  from  Aldrich  and  shows  a  rapid  change  in  helical  pitch  with 
temperature:  4-[(S,S)-2,3-expoxyhexyloxy]  phenyl4-(decyloxy)benzoate.  The 
natural  pitch  of  the  materials  is  shown  in  Fig.  1  as  dashed  lines.  In  addition  to 
the  change  of  the  helical  structure,  there  exists  a  critical  temperature 
(TVaiSPC)  at  which  the  helical  pitch  becomes  infinite  and  the  twisting  sense 
of  the  helix  is  opposite  on  either  side  of  Tj..  In  our  experiments,  the  cell 
surfaces  are  parallel  rubbed.  Because  of  the  strong  surface  anchoring  effect, 
the  total  twisted  angle  can  only  take  interger  numbers  of  tt,  i.e.  (p=m7T,  where 
m  is  an  integer.  This  discrete  twisted  angle  makes  the  effective  pitch  quantized 
{P  —  d  •  2.7tl ^  =  2<i//n ),  although  the  natural  pitch  can  change  continuously.  A 
simple  model  is  to  assume  that  the  effective  pitch  takes  the  quantized  value 
Idjin  when  the  natural  twisted  angle  falls  in  the  range 
{m  -ll2)n~{m  +  l/2);r .  The  quantized  effective  pitch  is  observed.  The  results 

of  the  unpolarized  (a)  and  polarized  (b)  spectra  are  shown  in  the  folowing  two 
graphs. 
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I.  Comparison  of  the  project’s  goals  and  achievements 


One  of  the  secondary  goals  of  the  project  is  to  explore  other  liquid  crystal 
technologies  that  could  lead  to  breakthroughs.  Towards  this  end  we  have 
begun  the  exploration  of  cholesteric  liquid  crystals  which  will  become  the 
focus  of  our  activities  over  the  next  6  to  9  months. 

In  beginning  this  project  considerable  amount  of  effort  was  devoted  to  the 
alignment  of  the  cholesteric  liquid  crystals  and  making  sure  that  there  are  very 
few  defects  in  the  sample.  This  is  particularly  important  because  the  materials 
will  be  used  in  a  Fabry-Perot  resonator  to  allow  a  wavelength  tunable  device. 

The  goal  is  examine  these  structures  in  two  pitch  regimes: 


(1)  Pitch  much  larger  that  the  optical  wavelength 

(2)  Pitch  comparable  to  the  optical  wavelength.. 

II.  Achievements 


In  the  last  quarter  we  showed  the  results  of  the  behavior  of  the  chjoelsteric 
material  outside  of  the  reflection  band.  In  this  quarter,  we  successfully 
examined  the  short  wavelength  regime. 

We  investigate  the  behavior  of  the  cholesteric  liquid-crystal  Fabry-Perot 
cavity  in  the  spectral  range  of  the  Bragg  reflection  band.  We  show  that  in  this 
region,  the  2x2  Jones  matrix  calculation  gives  a  false  predication.  However, 
by  the  use  of  the  4x4-matrix  method,  interesting  features  are  revealed  in  the 
resonance  spectra.  The  resonance  spectra  split  when  A~nP.  Our 
experiments  confirm  this  phenomenon.  The  experimental  results  show  that  the 
splitting  occurs  in  a  step-like  fashion.  This  can  be  explained  by  the 
quantization  of  the  pitch  that  occurs  due  to  the  fixed  boundary  conditions. 

It  is  well  known  that  a  highly  twisted  cholesteric  liquid-crystal  (CLC)  medium 
behaves  just  like  an  isotropic  medium  that  has  an  average  refractive  index  of 
the  anisotropic  material.  Therefore,  for  a  CLC  medium  inside  a  Fabry-Perot 
(FP)  etalon,  if  the  pitch  is  much  larger  compared  to  the  wavelength,  one 
expects  to  have  two  sets  of  resonance  peaks,  for  the  two  refractive  indices  rie 
and  tio,  respectively.  As  the  pitch  of  the  medium  gets  shorter,  the  two  sets  of 
peaks  converge  into  one  set,  which  corresponds  to  the  average  refractive 
index.  However,  if  the  CLC  medium  is  inside  its  Bragg  reflection  band,  due  to 
the  selective  Bragg  reflection,  one  expects  that  new  features  will  appear  in  the 
resonance  spectrum. 


30 


Transmission  (a.u. 


In  order  to  consider  the  selective  Bragg  reflection  of  the  CLC  medium,  the 
4x4-matrix  calculation  was  performed.  In  doing  so,  we  assumed  that  the 
entrance  director  was  along  the  x-direction  and  the  linearly  polarized  light  was 
polarized  along  the  y-direction.  We  also  assumed  that  the  CLC  medium  was  in 
the  so-called  planar  state,  which  means  that  the  helical  axis  was  perpendicular 
to  the  cell  surface.  From  the  Maxwell’s  equations,  the  following  set  of  four 
linear  differential  equations  for  the  tangential  components  of  the 
electromagnetic  field  can  be  derived : 

dy/fdz  =  ,  (1) 

y/  =  {E^,  E^,  -hJ,  (2) 

where  =  (ojc ,  (O  is  the  angular  velocity  and  c  is  the  velocity  of  light  in 

vacuum.  The  matrix  A  depends  on  the  dielectric  constants,  the  wave  vector, 
and  the  orientation  of  the  optic  axis.  One  can  relate  the  electromagnetic  field 
at  z=0  to  the  field  at  z=d  by  dividing  the  CLC  medium  into  N  layers,  each 
layer  has  a  thickness  a: 

ifr{0)  =  M  if/id)  ^3^ 

=  M{0,a)M{a,2a) . M{{N -\)a,Na)-y/{d). 

In  our  calculation,  N=500  is  used.  Other  value  of  N  yields  the  same  results  if 
AT  is  chosen  in  such  a  way  that  there  are  more  than  10  layers  per  pitch.  M  is  the 
transfer  matrix.  For  CLC  FP,  because  the  CLC  medium  is  in  the  planar  state, 
the  matrix  M  can  be  written  out  explicitly. 


580  600  620  640  660 

Wavelength  (nm) 


(°C) 


Transmission  (a.u.) 


PENNSTATE 


We  have  been  able  to  obtain  spectacular  agreement  between  experiment 
(shown  above)  and  the  theory  (shown  below). 
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1.  Comparison  of  the  project’s  goals  and  achievements 


In  the  previous  reports  we  have  been  focused  our  effort  to  make  cholesteric 
liquid  crystal  devices  and  examined  their  optically  properties  in  and  outside  of 
the  reflection  bands.  Two  different  configurations  have  been  examined: 

(1)  Pitch  much  larger  that  the  optical  wavelength 

(2)  Pitch  comparable  to  the  optical  wavelength. 

During  the  course  of  the  work  we  have  found  that  work  is  needed  to  better 
understand  the  alignment  of  alignment  of  liquid  crystals.  Thus  we  have 
undertaken  work  to  examine  the  effect  of  circular  rubbing  of  surfaces  to 
controllably  produce  defects  such  as  those  observed  in  cholesteric  liquid 
crystals. 

II.  Achievements 


In  the  last  two  quarter  we  showed  the  results  of  the  behavior  of  the  cholesteric 
material  inside  and  outside  of  the  reflection  band. 

Here  the  behavior  of  the  defects  in  a  circular-circularly  rubbed  liquid  crystal 
cell  with  an  off-center  alignment  is  reported.  We  show  that  the  line  defect 
forms  a  circle  that  passes  through  the  rubbing  centers  of  the  two  surfaces.  The 
size  and  the  position  of  the  defect  circle  depend  on  the  cell  gap  and  the  pitch 
of  the  materials.  We  propose  a  simple  model,  based  on  an  analysis  of  the  free 
energy,  to  explain  this  interesting  phenomenon.  This  technique  of  defect 
making  is  useful  to  confine  the  defect  to  a  particular  position  by  controlling 
the  cell  parameters  and  the  material  properties.  It  can  also  be  applied  to  the 
pitch  measurement,  the  generation  of  the  space-variant  polarized  light,  and  the 
study  of  the  dynamic  properties  of  the  defect. 

To  study  the  defect  formation  in  a  circular-circularly  rubbed  cell,  we  chose  a 
liquid  crystal  (ZLI-3488  from  Merck)  whose  pitch  continuously  changes  with 
the  temperature.  This  material  has  a  cholesteric  phase  when  its  temperature  is 
between  66°C  and  85°C.  Figure  1  shows  the  nominal  pitch  of  this  material  as 
a  function  of  the  temperature.  The  cell  was  made  usmg  indium-tin-oxide 
(ITO)  glass  substrates.  To  promote  planar  alignment,  the  ITO  glass  was 
coated  with  a  thin  layer  of  Polybutylene-terepthallate  (PBT).  PBT  was  chosen 
with  no  specific  reason,  and  other  alignment  material,  such  as  polyimide, 
yields  the  same  results.  Then,  the  PBT  layers  were  rubbed  circularly.  To  have 
a  uniform  rubbing  pattern,  the  rubbing  strength  should  be  adjusted  because  of 
the  variation  in  the  linear  speed  as  one  moves  away  from  the  center  of 
rubbing.  The  rubbed  plates  were  assembled  into  a  10/xm  thick  ceU.  When 
assembling  the  cell,  the  rubbing  centers  of  the  two  surfaces  were  deliberately 
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separated  by  a  small  distance.  Several  cells  were  made,  and  the  one  with  a 
suitable  separation  (about  1mm)  between  the  two  rubbing  centers  was  chosen 
to  be  used  in  our  experiment.  The  liquid-crystal  material  was  inserted  into  the 
cell  in  its  isotropic  phase  by  the  capillary  action. 

In  order  to  obtain  a  better  understanding  of  this  phenomenon,  we  propose  a 
simple  model,  which  is  based  on  an  analysis  of  the  free  energy.  We  assume 
that  the  molecules  are  in  the  so-called  planar  state,  which  means  that  the 
molecules  are  parallel  to  the  surfaces  of  the  cell.  By  doing  so,  the  small  pretilt 
angle  generated  by  rubbing  was  omitted.  The  influence  of  the  pretilt  angle  is 
so  small  that  no  sensible  effect  was  observed  in  our  experiment.  In  this  case, 
the  elastic  free  energy  has  only  one  term,  the  twisted  term’ 


(1) 


where  K2  is  the  twist  elastic  constant,  0  is  the  azimuth  angle  of  twist  for  the 
director,  z  is  the  coordinate  in  the  surface  normal,  d  is  the  cell  gap,  q  =  Inj p , 
and  p  is  the  pitch.  If  the  temperature  and  the  pitch  are  fixed,  {dp/dz)  is  a 
constant  and  there  is  no  external  field,  then  the  free  energy  can  be  written  in  a 
simple  form  as 


d, 


(2) 


where  0r  is  the  total  twisted  angle  from  one  surface  to  the  other. 

The  nature  of  the  disclination  line  tells  us  that  the  molecules  on  either  side  of 
the  disclination  line  should  have  the  same  free  energy  in  equilibrium  state.  If 
this  were  not  the  case,  the  disclination  line  would  move  to  reach  a  stable, 
equilibrium  configuration.  If  one  assumes  that  at  the  two  sides  of  the 
disclination  line,  the  total  twisted  angles  are  0±;r/2,  then,  the  equilibrium 
conditions  yield  the  following  equation: 

O  +  zr/l  Y 

Therefore,  the  deviation  angle  dean  be  easily  determined  as 


e-zr/2 


(3) 


The  equilibrium  between  the  two  domains  separated  by  the  disclination  line 
requires  that  the  total  twisted  angle  should  he  9  ±  njl  on  the  two  sides  of  the 
defect.  As  illustrated  in  Fig.  3,  Ci  and  C2  are  the  two  rubbing  centers  of  the 
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bottom  and  the  upper  surfaces,  respectively.  The  two  dashed  circles  (a  and  (3) 
represent  the  rubbing  direction  at  the  two  surfaces.  According  to  the  above 
analysis,  if  point  C  is  on  the  defect  curve,  then  the  molecules  at  this  point 
should  have  a  total  twisted  angle  6  ±  njl  on  the  two  sides  of  the  defect. 
Because,  at  the  surface,  the  molecules  are  aligned  as  a  circle  that  follows  the 
rubbing  pattern,  the  6  ±  njl  total  twisted  angle  along  the  defect  line  requires 
the  angle;^  =  0±;r/2.  The  handedness  of  the  twist  determines  which  sign  (+ 
or  -)  should  be  used. 
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I.  Comparison  of  the  project’s  goals  and  achievements 


In  the  previous  reports  we  have  focused  our  effort  to  obtain  an  understanding 
of  the  behavior  of  the  defects  in  a  circular-circularly  rubbed  liquid  crystal  cell 
with  an  off-center  alignment.  This  has  been  an  interesting  study,  which  led  to 
a  much  better  understanding  of  the  interaction  of  the  liquid  crystals  with 
surfaces.  In  the  present  report  we  continue  along  similar  lines  to  examine  a 
more  practical  system  in  which  the  surfaces  are  rubbed  in  two  orthogonal 
directions,  one  after  another.  This  is  a  process,  which  is  critical  to  understand 
because  of  its  potential  to  make  high  performance  liquid  crystal  devices  for 
optical  communications. 


II.  Achievements 


In  the  previous  report  we  show  that  the  line  defect  forms  a  circle  that  passes 
through  the  rubbing  centers  of  the  two  surfaces.  The  size  and  the  position  of 
the  defect  circle  depend  on  the  cell  gap  and  the  pitch  of  the  materials.  We 
proposed  a  simple  model,  based  on  an  analysis  of  the  free  energy,  to  explain 
this  interesting  phenomenon. 

Here  we  have  report  the  results  of  our  investigation  of  the  alignment 
properties  of  liquid  crystals  induced  by  multiple  rubbing  of  the  surfaces  in 
different  directions.  Experiments  were  carried  out  using  homeotropic  and 
hybrid-aligned  samples.  It  is  experimentally  found  that  the  alignment  of  the 
liquid  crystals  is  along  neither  of  the  rubbing  directions,  but  instead  lies  along 
an  axis  intermediate  between  these  two  directions,  and  that  the  direction 
depended  on  the  relative  strength  of  rubbing  along  the  two  axes.  A  model  that 
assumed  the  grooves  along  two  rubbing  directions  is  proposed,  and  the 
relation  between  the  orientation  of  liquid-crystal  and  the  relative  rubbing 
strength  is  analyzed.  We  found  that  this  model  can  explain  the  observed 
experimental  results. 

We  first  focus  on  the  alignment  of  the  LC  on  a  rubbed  homeotropic  surface. 
Instead  of  a  unidirectional  rubbing,  we  attempted  a  multi-directional  rubbing 
of  the  homeotropic  surface.  The  homeotropic  surface  was  sequentially  rubbed 
in  two  different  directions.  The  sample  was  examined  by  using  a  polarizing 
microscope.  It  is  found  that  the  alignment  of  the  liquid  crystals  is  not  along 
either  of  the  rubbing  directions  but  instead  lies  along  an  axis  intermediate 
between  these  two  directions,  and  that  the  orientation  of  the  LC  depends  on 
the  ratio  of  the  rubbing  strengths  of  the  two  rubbing  directions.  A  proposed 
atheoretical  model  that  assumes  sinusoidal  grooves  that  are  created  along  two 
rubbing  directions  was  used  to  explain  the  reulsts.  Using  this  analysis,  we 
obtained  a  relation  between  the  orientation  of  the  LC  and  the  strengths  of  the 
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two  nibbing  axes,  which  showed  good  agreement  with  the  experimental 
results. 

The  results  show  that  for  a  finite  cumulative  number  of  rubs,  the  aligning 
effect  of  the  first  rubbing  direction  can  not  be  ignored.  The  results  also  show 
that  in  order  to  align  the  LC  molecules  along  the  last  rubbing  direction,  one 
has  to  apply  several  rubs  in  the  direction  of  the  last  rubbing.  This  fact  can  be 
critical  to  the  alignment  of  the  tilted  homeotropic  surface  especially  when  it  is 
used  in  domain  dividing  technology. 

Our  model  assumes  sinusoidal  boundary  conditions.  This  is  a  simple 
consequence  of  analysis  of  the  surface  using  Fourier  series.  The  grooves  on 
the  surface  can  be  represented  as  series  of  sinusoidal  functions.  To  the  first 
approximation  we  have  chosen  only  one  term  due  to  the  reason  of  simplicity. 
Thus  in  the  framework  of  this  over-simplified  model,  although  the  degree  of 
rubbing  does  not  exactly  correspond  to  the  spatial  frequency,  this  is  a 
reasonable  assumption  indicative  of  the  strength  of  rubbing.  Therefore,  we 
suppose  that  there  exist  micro-grooves  along  x  and  y-axes  on  the  surface, 
which  is  described  as, 

z  =  sin^^x+^^sin^^y.  (1) 

The  director  of  LC  is  represented  as  (cos^cos^,  cos^sin<J,sin0) ,  where  6  is  a 
tilt  angle  measured  from  xy-plane,  and  (])  is  an  azimuth  angle  measured  from 
x-axis.  We  assumed  that  0  is  a  function  of  x,  y,  and  z,  and  (j)  a  constant 
independent  of  the  coordinates. 

In  an  approximation  of  a  one  elastic  constant,  the  free  energy  density  of 
nematic  LC  is  described  as  f  =  K^os^O^  -(-sin(^0^)^  where  /sT  is  an 

elastic  constant.  The  subscripts  denote  the  partial  derivative  with  respect  to  the 
coordinates.  Using  Euler-Lagrange  equation,  the  equation  of  motion  is 
obtained  as, 

cos ^  +  sin ^  4)6 yy  +  sin  14)6 ^y  +6^=0  (2) 

The  LC  molecules  on  the  grating-like  boundary  align  along  the  tangential  or 
perpendicular  direction  of  the  surface  in  a  planar  or  homeotropic  alignment, 
respectively.  A  solution  to  this  differential  equation  that  matches  the  boundary 
condition  Eqn.  (1)  is  obtained  as  0{x,y,z)  —  A%m{q^x-^- qyy)Q\Y>{~^) ,  where 

P  =  q^cos4)  +  qy  sin  4)  and  A  is  a  constant.  Using  the  solution  obtained  above, 

the  total  free  energy  per  unit  area  was  calculated  as  F=  °°fdz=KA^ ^11.  By 

minimizing  this  free  energy  with  respect  to  (j),  the  azimuth  angle  was  obtained 
satisfying  the  relation,  \lxan4)  =  q^l q^.  This  relation  shows  that  the 

orientation  of  the  LC  on  the  surface  that  is  rubbed  in  multiple  direction 
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depends  on  the  density  of  the  grooves  in  different  directions  created  by  the 
rubbing  process. 

Based  on  this  model,  we  attempted  to  numerically  fit  the  experimental  data 
using  the  relation,  tan  (p  =  <]y  /<]x-  By  increasing  the  cumulative  number  of 

rubs,  it  is  possible  to  make  more  scratches  or  grooves  on  the  surface,  which 
increases  the  density  of  grooves.  The  increase  of  grooves  can  be  represented 
by  adding  more  sinusoidal  functions  with  different  spatial  frequencies  to  the 
Eqn.  (1).  In  the  first  order  approximation,  we  assumed  that  the  density  of 
groove  is  represented  by  a  spatial  frequency  of  a  single  sinusoidal  boundary. 
As  the  inserts  of  Figure  below  the  value  of  the  l/tana  is  indeed  linearly 
proportional  to  n/m.  Thus,  the  simple  model  appears  to  be  a  fairly  good 
representation  of  the  multiple  rubbing  of  the  surface.  From  the  experimental 
results,  we  can  conclude  that  the  effect  of  two  rubbings  depends  on  the  order 
in  which  the  rubbing  was  carried  out.  For  (m,  n)  =  (1,  1),  the  direction  is  not 
along  the  bisector  of  the  two  rubbing  direction,  but  is  biased  towards  the 
second  rubbing  direction.  The  order  of  rubbing  seems  to  introduce  a  bias  of  a 
factor  of  3  in  homeotropic  sample  and  5  in  HAN  sample  shown  in  the  inserts 
of  Figure  below.  This  is  because  some  of  the  grooves  created  by  the  first 
rubbing  are  erased  by  the  second  rubbing. 
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i.  Project  Goals  for  This  Quarter 

In  the  last  quarter  we  investigated  the  effect  of  rubbing  in  producing  oriented 
liquid  crystals  cells  and  found  that  when  subsequent  rubbing  in  different 
directions  is  used,  the  net  orientation  of  the  liquid  crystal  may  not  be  along 
either  of  the  two  directions,  but  rather  somewhere  in-between.  We  found  that 
the  measured  results  can  be  explained  well  in  the  framework  of  a 
mathematical  model. 

In  this  quarter  we  examine  a  novel  liquid  crystal  device  based  on  nematic 
liquid  crystals  which  can  be  used  as  an  azimuthal  optical  rotator.  We  propose 
a  simple  configuration  that  is  capable  of  rotating  a  linear  polarization  state  of 
light  by  a  certain  angle  for  a  wide  range  of  wavelengths.  The  device  consists 
of  three  liquid-crystal  cells:  two  homogeneous  cells  and  one  twisted  nematic 
(TN)  cell.  It  is  well  known  that  a  thick  TN  cell  can  rotate  the  linear 
polarization  state  of  light  by  following  the  twisted  structure.  However,  for  a 
thin  TN  cell,  achromatic  polarization  rotation  is  not  possible.  Using  the 
Poincare  sphere  model  of  the  TN  structure,  we  demonstrate  that  if  one  thin 
homogeneous  cell  is  placed  before  and  another  one  is  placed  after  a  thin  TN 
structure,  then  a  linear  polarization  state  can  be  transformed  close  to  the 
eigenmodes  of  TN.  This  structure  can  therefore  be  used  to  achieve  achromatic 
polarization  rotation.  We  have  carried  out  detailed  theoretical  analysis  and  a 
demonstration  of  the  achromatic  linear  polarization  rotator  by  the  use  of  a 
1.9^m  TN  cell  for  the  wavelength  range  450-700nm. 


II.  Achievements 

A  twisted  nematic  liquid  crystal  has  an  intriguing  structure.  The  optical 
properties  of  a  TN  LC  are  a  combination  of  the  linear  birefringence  and  the 
optical  rotation.  Consider  a  structure,  which  has  a  total  phase  retardation  that 
can  be  expressed  as  2.®iA/i/A,  where  d  is  the  thickness  of  the  cell  and  An  is 
the  optical  anisotropy.  The  total  twisted  angle  is  (p.  As  it  passes  through  the 
TN  structure,  the  evolution  of  the  initial  SOP  can  be  visualized  by  tracing  the 
trajectory  of  a  point  on  a  cone,  where  the  cone  is  rolled  on  the  equatorial  plane 
at  a  rate  that  is  twice  that  of  the  twist  of  the  directors.  As  Fig.  1  shows,  the 
cone’s  axis  is  represented  by  OC,  and  the  half-angle  of  the  cone  to  is  defined 
as 


tan^y  = - ,  (1) 

Anp 

where  p=2Tid/<l)  is  the  pitch. 

It  is  obvious  from  Fig.  1  that  if  the  incident  polarization  is  at  point  C,  while  it 
moves  with  the  cone,  the  ellipticity  does  not  change.  The  only  effect  of  this 
movement  is  the  azimuth  rotation  of  the  polarization  direction.  This 
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polarization  state  is  called  the  “rotated  eigenmode”  of  the  TN  structme.  In  the 
following  discussion,  we  refer  to  this  state  as  the  eigenmode.  It  should  be 
noted  that,  for  the  TN  structure,  there  are  two  orthorgonal  eigenmodes  (points 
C  and  C’  in  Fig.  1).  The  azimuth  angle  of  eigenmode  (C)  is  parallel  to  the 
entrance  director  and  the  polar  angle  is  defined  by  Eq.  (1).  The  same  results 
have  been  achieved  with  the  use  of  the  Jones  matrix  formalism.  ’ ' 


^3 


Figure  1.  Poincare  sphere  representation  for  a  twisted  nematic  liquid 
crystal  cell.  0)is  the  half-angle  of  the  cone;  OC  is  the  cone  axis;  C  and 
C’  are  two  orthogonal  eigenmodes  of  the  structure. 


Based  on  the  above  discussion,  one  can  easily  conclude  that  if  the  incident 
polarization  state  is  the  eigenmode,  then  the  only  effect  is  the  exact  rotation  of 
the  polarization  state  by  the  total  twisted  angle  without  a  change  in  its 
ellipticity.  On  the  other  hand,  as  described  in  Eq.  (1),  the  eigenmode  for  the 
TN  structure  is  wavelength  dependent;  therefore,  this  pure  polarization 
azimuth  rotation  can  only  be  achieved  for  a  specific  wavelength.  There  are 
two  ways  to  accomplish  the  achromatic  polarization  azimuth  rotation.  The 
first  method  requires  that  the  Mauguin  limit  ( A  «  An  ■  d  )  be  satisfied.  From 
Eq.  (1),  it  is  clear  that,  at  the  Maugum  limit,  the  cone  will  be  reduced  to  a  line 
that  lies  along  the  equatorial  plane;  therefore  the  wavelength  dependence  is 
eliminated.  However,  the  Mauguin  limit  requires  a  thick  sample,  which  is  not 
practical  in  most  applications  and  results  in  a  slow  response.  The  other 
method  is  to  transform  the  incident  polarization  state  of  different  wavelengths 
close  to  their  corresponding  eigenmodes.  This  method  can  be  applied  to  a  thin 
TN  cell,  and  it  is  the  method  used  in  this  Letter. 
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As  Eq.  (1)  illustrates,  the  half-angle  of  the  cone  (iv)  increases  as  the 
wavelength  increases.  In  effect,  this  causes  the  polar  angle  of  the  eigenmode 
to  increase  as  the  wavelength  increases.  On  the  other  hand,  the  phase 
retardation  of  a  homogeneous  nematic  LC  cell  decreases  as  the  wavelength 
increases.  It  is  well  known  that  the  effect  of  a  homogeneous  waveplate  on  the 
incident  polarization  state  of  light  is  to  rotate  the  polarization  state  by  an  angle 
equal  to  the  phase  retardation  of  the  waveplate.  Therefore,  if  one  can  design  a 
suitable  structure,  which  can  transform  the  linear  polarization  state  close  to  the 
eigenmodes  of  different  wavelengths,  the  achromatic  azimuth  linear 
polarization  rotation  can  be  achieved. 

The  results  of  our  effort  are  shown  in  the  figure  on  the  next  page,  where  we 
show  both  the  experimental  and  the  theoretical  results.  The  top  portion  of  the 
figure  shows  the  variation  of  the  Stokes  parameters  for  ordinary  TN  based 
rotator  as  well  as  the  new  achromatic  rotator  that  we  discuss  here,  clearly 
showing  that  the  performance  of  the  new  device  is  far  superior.  This  is  more 
clearly  evident  in  the  bottom  portion  of  the  figure. 
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Theoretical  and  Experimental  results  for  the  achromatic  polarization 
rotator  and  a  single  TN  cell,  (a)  The  calculated  emergent  polarization 
states  in  the  S1-S2  projection  plane,  (b)  The  calculated  and  experimental 
results  for  transmission  spectra  between  cross  polarizers. 
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I.  Comparison  of  the  project’s  goals  and  achievements 

In  the  last  quarter  we  examine  a  novel  liquid  crystal  device  based  on  nematic 
liquid  crystals  which  can  be  used  as  an  azimuthal  optical  rotator.  We  proposed 
a  simple  configuration  that  is  capable  of  rotating  a  linear  polarization  state  of 
light  by  a  certain  angle  for  a  wide  range  of  wavelengths.  We  demonstrated  the 
concept  using  detailed  theoretical  analysis  and  a  demonstration  of  the 
achromatic  linear  polarization  rotator  by  the  use  of  a  1.9/rm  TN  cell  for  the 
wavelength  range  450-700nm. 

In  this  report  we  extend  our  work  to  a  generalized  polarization  rotator  using 
nematic  liquid  crystals  for  arbitrary  polarization  transformation  form  one 
polarization  state  of  the  light  to  another. 


II.  Achievements 

Here  we  demonstrate  a  polarization  controller  capable  of  changing  any  state 
of  polarization  of  light  from  one  arbitrary  state  to  another.  The  controller 
consists  of  a  stack  of  three  homogeneous  nematic  liquid  crystal  cells.  The 
polarization  state  is  controlled  by  properly  adjusting  the  voltages  applied 
across  each  of  the  cells.  The  mathematical  algorithm  and  principles  of  this 
polarization  controller  are  developed  in  the  framework  of  the  Stokes 
parameters,  allowing  an  easy  visualization  using  Poincare  sphere 
representation.  The  transformation  functions  are  given  for  converting  an 
arbitrary  input  state  to  any  output  state.  Experiments  are  carried  out  to 
demonstrate  the  arbitrary  polarization  transformation. 

We  show  that  arbitrary  polarization  transformation  can  be  achieved  using 
three  liquid  crystal  cells.  The  SOP  is  controlled  by  adjusting  only  the 
operating  voltages  of  liquid  crystal  cells.  It  is  obviously  that  in  order  to 
achieve  this  arbitrary  SOP  transformation,  both  the  input  and  target  SOP  must 
be  known;  once  the  Stokes  parameters'  of  these  states  are  known,  the 
transformation  can  be  achieved  by  setting  the  operation  voltages  for  the  liquid 
crystal  cells. 

The  configuration  of  the  arbitrary  to  arbitrary  polarization  controller  is  shown 
in  figure  1.  It  consists  of  three  homogeneous  nematic  liquid  crystal  cells.  The 
slow  axes  of  each  liquid  crystal  slab  are  at  0°,  45°  and  0°,  respectively.  A 
series  of  linear  birefringent  elements  (such  as  homogeneous  nematic  liquid 
crystals  slab  in  our  case)  are  described  by  a  series  of  rotations  on  the  Poincare 
sphere"  with  respect  to  axes  that  lie  on  the  equatorial  plane‘“.  Thus,  as  shown 
in  figure  2,  the  three  cells  in  our  device  correspond  to  three  axes,  which  are 
HV,  PQ  and  HV  respectively.  By  changing  the  applied  voltages,  the  amount 
of  rotations  with  respect  to  each  axis  can  be  controlled  to  achieve  the  arbitrary 
to  arbitrary  transformation. 
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Suppose  the  incident  light  field  is  represented  by: 


cosa  ^ 

UJ 

sinaexp(i<5) 

(1) 


This  can  also  be  represented  by  Stokes  parameters  as: 


S[=E[E\  =cos2a 

S‘2  =  E[e‘J  +  E‘^E[  =  sin  2a  cos  J  (2) 

S3  =  /(s'JSf  - EyE‘‘)=  sin 2a sin S 


The  output  light  field  emerging  from  a  stack  of  three  liquid  crystal  cells  is 
given  by: 


^Ei^ 


E' 

V  V 


(3) 


Where  J(Bj)  is  the  Jones  matrix  for  retarder  with  retardation  Bj,  R(0)  is  the 
rotation  matrix  with  rotating  angle  0. 


Then,  the  Stokes  parameters  of  the  output  light  can  be  calculated  as 
following: 


51  =  cos  B2  cos  2a  +  sin  B2  sin(B,  -  ^)sin  2a 

52  =  sin  S3  sin  Sj  cos  2a  +  cos  Bj  sin  2acos(Bi  -  (J)  -  sin  B3  cos  B^  sin(B,  -  ^)sin  2a 

53  =  cos  B3  sin  B2  cos  2a  -  sin  B3  sin  2acos(B,  -  cos  B3  cos  B2  sin(Bi  -  J)sin  2a 
(4) 

If  the  voltage  of  the  first  cell  is  adjusted  such  that  the  retardation  Bi  satisfy 


Bi-S  =  Kf2, 


(5) 


Equation  (4)  can  be  reduced  as  following: 

S"  =  cos(B2  -  2a) 

52  =  sin  B3  sin(B2  -  2a)  (6) 

53  =  C0SB3  sin(B2  -  2a) 

The  above  equation  has  the  same  form  as  the  unit  sphere  co-ordinates  with 
azimuth  and  polar  angle  (B2-2a)  and  B3.  Therefore,  it  can  span  the  entire 
surface  on  Poincare  sphere,  if  B2  and  B3  are  changed  m  a  27C  range.  This 
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proves  that  all  points  on  the  Poincare  sphere  are  accessible  by  varying  the 
birefringence,  or  equivalently,  the  voltages  applied  to  each  liquid  crystal  cells. 


Device:  LCj 
Slow  Axis:  0^* 
Retardation:  Bj 


45^^  0° 

B3 


Figure.  1 :  The  configuration  of  arbitrary-arbitrary  SOP  controller. 


S3 


Figure  2  Visualization  of  the  arbitrary-arbitrary  SOP  mapping 
algorithms  on  Poincare  sphere.  V:  vertical  linear.  H:  horizontal  linear, 

P:  +45°  linear,  Q:  -45°  linear.  L:  left-handed  circular,  R:  right-handed 
circular 
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Abstract 

A  single  polarizer  reflective  liquid  crystal 
display  in  a  bistable  twisted  nematic  configuration 
is  proposed  and  experimentally  reported.  In  the 
two  bistable  states,  the  twist  angles  are  63.6°  and 
423.6°  which  produce  the  dark  and  bright  states, 
respectively.  Numerical  optimization  of  the 
polarization  states  is  performed  by  using  Mueller 
matrix  of  the  cell  studied.  Our  results  show  that 
high  contrast  display  is  possible  using  this 
configuration  without  any  use  of  an  optical 
compensation  film. 


Introduction 

Reflective  liquid  crystal  displays  (LCDs)  are 
attractive  for  many  display  applications,  particularly 
when  opaque  back  substrate  such  as  silicon  are  used 
for  electrically  addressing  a  pixel.  In  many 
reflective  displays,  two  polarizers  are  used  where 
the  absorption  losses  reduce  the  overall  efficiency 
of  the  devices.  Single  polarizer  configurations  are 
therefore  preferred  in  reflective  displays.  A  mixed¬ 
mode  twisted  nematic'  and  an  optically 
compensated  bend  cell  ^  have  been  investigated  in 
a  single  polarizer  stmcture  to  address  the  problems 
of  low  brightness  and  parallax  observed  in  the  two 
polarizer  structures.  Recently  there  has  been  much 
interest  in  bistable  twisted  nematic  (BTN)  LCDs. 
Transmissive  mode  device  using  two  polarizers 
were  first  proposed  by  Berreman  in  the  early 
1980s  and  electro-optic  device  has  been  recently 
demonstrated  for  the  practical  applications 

In  this  paper  we  propose  a  reflective  BTN 
mode  display  with  a  single  polarizer.  In  the 
following,  we  first  outline  some  background  of 
bistable  nematic  display,  then  the  technique  for 
optimization  for  the  reflective  displays,  followed 
by  the  experimental  results. 


Optimization  for  the  reflective  mode 

Since  the  BTN  device  has  to  be  switched 
between  two  liquid  crystal  (LC)  configurations, 
these  configurations  have  to  be  topologically 
equivalent  if  they  are  to  be  driven  from  the  same 
initial  state.  This  requires  that  for  a  chosen 
boundary  condition,  the  twist  in  these  two  states 
have  to  differ  by  integral  multiple  of  2n.  The 
transmissive  mode  BTN  display  operated  between 
two  topologically  equivalent  states,  which  has  a 
twist  of  0  and  271.  The  energy  equivalence  of  these 
two  states  is  achieved  by  using  a  chiral  material, 
which  at  equilibrium  produces  a  twist  of  7i.  This 
state  is  topologically  different  from  the  0-twistcd 
or  the  27:-twisted  state.  When  a  high  electric  field 
is  initially  applied  and  then  switched  off,  the  field 
driven  state  relaxes  into  one  of  two  possible  states, 
0-twisted  or  27t-twisted  state.  For  the  application 
of  reflective  devices,  additional  cell  optimization 
is  necessary  which  means  that  the  polarization 
transformation  is  such  that  for  a  linearly  input 
polarization,  the  output  polarization  passed 
through  the  cell  is  also  linear,  but  orthogonal  to  the 
input  polarization.  Therefore  optimization  requires 
a  choice  for  the  twist  angle  for  the  two  states,  and 
an  appropriate  choice  of  the  birefringence  of  the 
cell. 


We  have  recently  showed  that  Stokes 
parameter  optimization  is  a  more  convenient  for 
this  optimization  The  elements  of  Mueller 
matrix,  M  =  (niij),  (ij=0..3)  for  the  twisted  nematic 
structure  is  represented  as  follows. 
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Where  A=7aiAnlX,  p=,[]^T^,  a  twist 

angle.  An  an  optical  anisotropy,  d  a  cell  gap,  and  X 
a  wavelength  of  an  incident  light.  The  Stokes 
vector  of  a  linear  polarization  parallel  to  the 
rubbing  axis  of  the  cell  is  represented  as  5,  = 
(1, 1,0,0).  The  output  polarization  S  passed  through 
the  cell  is  obtained  by  multiplying  the  incident 
Stokes  vector  by  the  Mueller  matrix,  thus  S  = 
M-Si. 

The  parameter  optimization  requires  a 
change  in  polarization  for  one  state  and  no  change 
for  the  other  state.  For  one  state  to  satisfy  the  half¬ 
wave  condition,  the  output  polarization  should  be 
circularly  polarized  after  the  light  passes  through 
the  cell  once,  and  produce  the  required  half-wave 
condition  after  reflection.  With  this  condition,  the 
polarization  of  the  light  reflected  from  a  mirror  is 
linear  and  orthogonal  to  the  input  polarization,  and 
thus  the  dark  state  is  readily  obtained  with  a  single 
polarizer.  For  the  other  state,  the  output 
polarization  should  be  linearly  polarized  for  the 
polarization  reflected  from  a  mirror  not  to  be 
changed.  This  requires  that  |5i|  =  1  for  the  one 
state,  and  S3  =  0  for  the  other  state.  Furthermore  in 
absence  of  a  field,  the  twist  in  these  two  states 
should  differ  by  2n.  The  optimization  requires  that 
these  two  conditions  should  be  satisfied 
simultaneously.  S3  of  the  output  polarization  is 

calculated  as  S3  =(2A«1>7-  /)3^)sin^  )3  .  However, 
for  the  input  polarization  parallel  to  the  rubbing 
direction,  these  conditions  can’t  be  satisfied 
simultaneously.  Thus  we  chose  the  condition  for 
the  highest  contrast  by  optimizing  the  cell 
parameters  for  the  dark  state.  The  optimized 
parameters  for  dark  state  are  obtained  as  follows. 
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where  A  is  an  integer.  This  is  the  same  result  as 
previous  studies  for  the  reflective  mode  displays  ’ 
Using  this  optimization,  S3  0  for  the  ^  +  2n 
twisted  state,  which  means  that  the  reflected  light  is 
not  exactly  linearly  polarized.  However,  it  can  be 
expected  that  S3  «  1  for  the  ^  +  2n  twisted  state, 

because  S3  scales  as  2A(j>j- / indicating  that  the 
value  of  S3  becomes  smaller  with  increasing  twist 
angle,  since  A  is  small  and  fixed.  Thus  for  one  of 
the  twisted  state,  we  choose  using  Eqn.  (2)  the 
twist  to  be  63.3°  and  the  twist  angle  for  the  other 
state  as  63.3°+27t. 

Using  this  geometry,  Stokes  parameters 
were  calculated  for  light  passing  through  the  cell  for 
the  two  bistable  states.  The  LC  directors  were 
assumed  to  be  uniformly  twisted  and  light  was 
incident  normal  to  the  cell.  The  axis  of  a  polarizer 
was  chosen  to  be  parallel  to  the  rubbing  direction. 
The  wavelength  of  the  light  has  assumed  to  be  550 
nm,  and  And  of  the  cell  is  194  nm. 
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Fig.  1.  Numerical  results  for  the  polarization  states  of 
the  light  through  the  cell  on  the  Poincare  sphere.  The 
solid  and  dashed  lines  stand  for  423.6°  and  63.6°- 
twisted  states  respectively.  The  input  polarization  is 
linear  and  the  changes  of  the  polarization  states  are 
shown  in  arrows  for  each  twisted  state. 

The  results  are  shown  in  Fig.  1,  where  the 
solid  and  dashed  lines  represent  the  larger  and  the 
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smaller  twisted  states,  respectively.  For  the  less 
twisted  state,  the  linear  polarization  changes  to  the 
circular  polarization  along  the  path  on  the  upper 
sphere,  and  back  to  the  linear  polarization  along 
the  path  of  lower  sphere  upon  reflection  from  the 
mirror.  The  polarization  state  is  orthogonal  to  the 
input  polarization.  For  the  higher  twisted  state,  the 
polarization  state  rolls  along  the  equator  of  the 
Poincare  sphere,  and  reaches  an  elliptical 
polarization  at  z=d.  Upon  reflection  from  the 
mirror,  the  polarization  state  follows  a  different 
path  and  reaches  at  different  state  from  the  input 
polarization. 

Experiment 

We  have  attempted  to  experimentally 
demonstrate  the  electro-optical  properties  of  the 
BIN  in  this  reflective  geometry.  The  BTN  cell 
was  made  using  indium-tin-oxide  (ITO)  glass 
substrates.  The  polyimide  (PI)  of  AL- 1051  (Japan 
Synthetic  Rubber  Co.)  was  coated  on  both 
substrates  so  as  to  promote  planar  alignment.  The 
rubbing  axes  on  the  PI  layers  were  given  as  the 
angle  of  0°  and  63.6°  respectively  to  produce 
stable  63.6°-twisted  and  423.6°-twisted  states.  The 
cell  gap  was  maintained  by  glass  spacers  of  3.1 
|im.  A  chiral  dopant  was  added  to  the  LC,  and  the 
doping  concentration  was  adjusted  to  give  d/p  = 
0.58.  We  have  used  ZLI-4119  (the  optical 
anisotropy  An  =  0.0603)  and  S-81 1  as  the  LC  and 
the  chiral  dopant  respectively,  and  both  were 
obtained  from  E.  Merck.  A  polarizer  was  oriented 
parallel  to  the  rubbing  direction.  The  BTN  cell  was 
operated  using  the  driving  voltage  waveform 
shown  in  Fig.  2,  which  consisted  of  a  reset  and  a 
selection  signal.  With  a  proper  selection  voltage 
signal,  the  state  can  be  transformed  into  the  63.6° 
twisted  or  the  423.6°  twisted  state.  The  reflected 
light  intensity  through  the  BTN  cell  was  measured 
on  a  microscope. 

Electro-optic  characteristic.s 

The  photograph  of  the  two  bistable  states  are 
shown  in  Fig.  3.  One  pixel  is  switched  on  (63.6°)  and 
the  other  switched  off  (423.6°).  The  selection 
voltages  applied  to  the  cell  were  0  V  (bright  state) 
and  3  V  (dark  state).  As  shown  in  this  figure,  the 
BTN  cell  exhibits  achromatic  characteristics  and 
high  contrast  with  a  single  polarizer.  The  achromatic 
characteristic  of  the  cell  indicates  that  the 
wavelength  dispersion  is  minimized  at  the  first 


minimum  condition.  The  wavelength  dependence  of 
the  electro-optic  characteristics  increases  with  higher 
order  minimum  condition.  Several  cells  were  made 
with  different  cell  gaps  in  which  the  pitch  of  the  LC 
was  fixed  to  be  5.34  pm.  Bistable  switching  was  not 
observed  when  the  cell  gap  was  3.0  and  3.2  pm,  but 
it  was  observed  when  the  cell  gap  was  3.1  pm.  From 
the  experimental  results,  the  condition  of  d/p  for 
bistable  switching  can  be  roughly  estimated  to  be 
between  0.56  and  0.60. 


Fig.  2.  The  driving  scheme  for  BTN. 


of  the  BTN  switching  in  a  reflective  geometry.  A 
single  polarizer  is  attached  parallel  to  the 
rubbing  direction  and  a  mirror  is  placed  on  the 
back  substrate  of  the  cell.  EO  switching 
between  dark  and  bright  states  is  observed. 

Fig.  4  shows  the  experimental  results  of 
reflected  intensity  of  the  BTN  cell  as  a  function  of 
a  selection  voltage.  A  sharp  transition  between 
dark  and  bright  states  was  observed.  The  dark  and 
bright  states  correspond  to  the  63.6°-twisted  and 
the  423.6°-twisted  ones,  respectively.  The  contrast 
was  measured  to  be  about  5  by  using  a  white  light 
source.  This  shows  that  this  mode  being  studied  is 
acceptable  for  the  applications  of  reflective  type 
display  and  gives  better  electro-optie 
characteristics  with  a  single  polarizer. 

For  the  optimum  electro-optic 
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characteristics,  the  two  twisted  states  should  be 
simultaneously  optimized.  We  examined  these 
conditions  using  geometrical  transformation  on  a 
Poincare  sphere.  The  details  will  be  published 
elsewhere,  but  the  results  are  shown  in  Fig.  5.  For 
a  single  pass  through  the  cell,  the  optimization  for 
one  of  the  states  for  which  the  output  polarization 
through  the  cell  is  circularly  polarized,  the  results 
are  shown  by  the  black  lines. 


Fig.  4.  Experimental  results  for  the  reflected  light 
intensity  as  a  function  of  a  selection  voltage  in  a 
reflective  geometry. 


Fig.  5.  Simultaneous  optimization  for  the  two 
bistable  states,  indicated  by  the  open  circles. 

The  optimum  condition  for  the  higher  twisted  state 
requires  the  polarization  to  be  linear  at  z  =  d  for  a 
single  pass.  The  open  circles  represent  the  condition 


that  two  states  are  simultaneously  optimized.  The 
reflected  output  polarization  is  orthogonal  to  the 
input  polarization  for  one  state,  and  identical  to  the 
input  polarization  for  the  other  state. 

Conclusions 

In  conclusion,  we  have  optimized  the 
BTN  mode  for  the  applications  of  reflective  tj^e 
display  with  a  single  polarizer.  The  polarization 
states  through  the  LC  layers  were  studied  using  the 
Stokes  parameters.  For  the  experimental  studies 
results  are  reported  for  the  case  where  one  of  the 
two  bistable  states  was  optimized  for  the  dark 
state.  It  was  found  that  even  if  the  other  state  is  not 
exactly  optimized,  the  results  are  very  encouraging 
with  achromatic  characteristics.  The  electro- 
optical  switching  between  dark  and  bright  state 
was  experimentally  demonstrated  in  an  optimized 
condition  giving  better  contrast  and  brightness. 
The  most  recent  results  suggest  that  it  is  possible 
to  further  improve  the  contrast  by  simultaneous 
optimization  of  both  the  bistable  states. 
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Polarization  effects,  although  recognized  as  a  funda¬ 
mental  property  of  light  fields,  have  generally  played 
a  mmor  role  in  light-wave  systems,  because  com¬ 
mercial  optical  receivers  detect  only  optical  power 
and  are  insensitive  to  polarization.  In  recent  years, 
however,  with  the  advance  of  optical  amplifiers,  the 
optical  length  of  the  light-wave  systems  has  been  dra¬ 
matically  increased,  and  as  a  result,  small  effects 
such  as  polarization-mode  dispersion  and  polarization- 
dependent  loss  can  accumulate  and  become  an  impor¬ 
tant  consideration  in  a  light-wave  system.’  Another 
obstacle  to  an  optical  coherent  system  is  the  un¬ 
predictable  polarization  change  or  drift  that  often 
comes  from  polarization-dependent  components,  in¬ 
cluding  fibers,  optical  switches,  and  waveguides.  In 
many  systems,  it  is  important  to  change  or  restore 
the  altered  state  of  polarization  (SOP)  to  the  de¬ 
sired  SOP.  Several  studies  have  been  reported  on 
the  use  of  traditional  mechanical  squeezing  of  fibers,^ 
LiNbOa  waveguides, the  Faraday  effect,"  rotating 
wave  plates,  and  electro-optic  crystals®  ®  to  achieve  po¬ 
larization  transformation.  However,  these  methods 
are  not  convenient  because  of  the  high  operating  volt¬ 
age  and  mecheuiical  fatigue. 

Since  the  birefringence  of  a  liquid  crystal  can  be 
changed  by  a  relatively  small  electric  field,  a  device 
based  on  this  technology  has  many  advantages.  Pre¬ 
vious  studies  on  using  liquid  crystals  to  control  the 
SOP  (Ref.  7)  have  been  limited  to  incident  light  with  a 
specifically  known  linear  polarization  state.  Because 
the  intent  was  to  use  liquid  crystals  in  a  coherent  com¬ 
munication  system,  the  study  reported  in  Ref.  7  was 
focused  on  how  to  compensate  continuously  for  the 
SOP  of  the  local  oscillator  to  match  that  of  the  sig¬ 
nal  to  prevent  signal  fading.  The  local  oscillator  is 
linearly  polarized  in  a  specific  known  direction.  How¬ 
ever,  since  the  amount  and  direction  of  birefringence 
induced  by  thermal  or  mechanical  fluctuations  exhibit 
random  changes,  the  input  polarization  state  is  gener¬ 
ally  arbitrary  in  a  light-wave  system.  Therefore,  a  de¬ 
vice  capable  of  controlling  arbitrary  polarization  states 
is  desired. 

In  this  Letter  we  show  that  arbitrary  polariza¬ 
tion  transformation  can  be  achieved  with  three  liquid- 


crystal  cells.  The  SOP  is  controlled  by  adjustment 
of  only  the  operating  voltages  of  the  liquid-crystal 
cells.  It  is  obvious  that  to  achieve  this  arbitrary  SOP 
transformation  both  the  input  and  the  target  SOP’s 
must  be  known;  once  the  Stokes  parameters®  of  these 
states  are  Imown,  we  can  achieve  this  transforma¬ 
tion  by  setting  the  operation  voltages  for  the  liquid- 
crystal  cells. 

We  begin  with  a  description  of  the  configuration  of 
the  device,  followed  by  calculation  of  the  Stokes  param¬ 
eters  of  the  input  and  the  output  light  fields .  We  show 
mathematically  that  this  arbitrary  transformation  can 
be  done  with  three  nematic  liquid-crystal  cells  such 
that  the  relative  orientations  of  these  three  cells  are 
45°  with  respect  to  one  another.  After  that,  we  give 
experimental  results  to  confirm  the  predictions  of  the 
theory. 

The  configuration  of  the  arbitrary— arbitrary  polar¬ 
ization  controller  is  shown  in  Fig.  1.  It  consists  of 
three  homogeneous  nematic  liquid-crystal  cells.  The 
slow  axes  of  each  liquid-crystal  slab  are  at  0°,  45°,  and 
0°.  A  series  of  linear  birefringent  elements  (such  as  a 
homogeneous  nematic  liquid-crystal  slab  in  our  case) 
are  described  by  a  series  of  rotations  on  the  Poincare 
sphere®  with  respect  to  axes  that  lie  on  the  equato¬ 
rial  plane.’®  Thus,  as  shown  in  Fig.  2,  the  three  cells 
in  our  device,  LCi,  LC2,  and  LC3,  correspond  to  three 
axes,  HV,  PQ,  and  HV,  respectively.  By  changing  the 
applied  voltages,  we  can  control  the  amount  of  rota¬ 
tion  with  respect  to  each  axis  to  achieve  the  arbitrary- 
arbitrary  transformation. 
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Fig.  1.  Configuration  of  the  arbitrary  SOP  controller. 
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Si“  =  cos(B2  -  2a) , 


S3 

Li 


R 

Fig.  2.  Arbitrary- arbitrary  SOP  mapping  dgorithms  on 
a  Poincare  sphere.  V,  vertical  Ibiear;  H,  horizontal  linear; 
P,  +45°  linear;  Q,  -45°  linear;  L,  left-handed  circular;  R, 
right-handed  circular. 


Suppose  that  the  incident  light  field  is  repre¬ 
sented  by 


(Ex\_  cos  a 
\Ey‘ )  sin  a  exp(i5) 


(1) 


This  field  can  also  be  represented  by  Stokes  parame¬ 
ters  as 


Si  ‘  =  EjEj*  -  Ey'Ey'*  =  cos  2a , 

52*  =  Ex‘Ey‘*  +  Ey‘Ex‘*  =  sin  2a  cos  S  , 

S3  ‘  =  i(Ex‘Ey‘*  -  Ey‘Ex‘*)  =  sin  2a  sin  5 .  (2) 


82°  =  sin  B3  sin(B2  -  2a) , 

Ss"  =  cos  B3  sin(B2  -  2a) .  (6) 

Equations  (6)  have  the  same  form  as  the  unit-sphere 
coordinates  with  azimuth  and  polar  angle  (B2  -  2a) 
and  B3.  Therefore,  the  Stokes  vectors  represented  by 
Eqs.  (6)  can  span  the  entire  surface  of  a  Poincare 
sphere,  if  B2  and  B3  are  changed  in  a  2fl-  range.  There¬ 
fore  all  points  on  the  Poincare  sphere  are  accessible  if 
one  varies  the  birefringence  or,  equivalently,  the  volt¬ 
ages  that  are  applied  to  each  liquid-crystal  cell. 

Although  Eq.  (5)  is  not  a  necessary  condition,  it 
simplifies  the  discussion  for  the  following  reason:  For 
the  configuration  shown  in  Fig.  1  the  rotation  axes 
are  fixed  and  orthogonal,  so  in  general  three  rotations 
about  these  two  axes  are  needed  to  map  two  arbitrary 
points  on  a  sphere  (Fig.  2).  However,  if  the  incident 
SOP  is  on  the  circle  on  which  82  equals  zero  (a  in 
Fig.  2),  only  two  rotations  around  axes  PQ  and  HV  are 
needed.  The  condition  for  S2  =  0  can  be  achieved  by 
adjustment  of  Bi  to  satisfy  Eq.  (5). 

We  can  reduce  the  problem  or  arbitrary  transforma¬ 
tion  from  8‘  to  S“  to  calculating  the  magnitude  of  the 
three  angles  required  for  rotation  about  the  HV,  PQ, 
and  HV  axes.  According  to  Eqs.  (2),  (5),  and  (6),  the 
birefringences  of  these  three  cells  are 

Si  =  ■jr/2  +  tan'HSsV-SzO  + 

B2  “  cos'^Si*  +  cos'^Si", 


The  output  light  field  emerging  from  a  stack  of  three 
liquid-crysted  cells  is  given  by 

=  J(B3)S(-7r/4)J(S2)S(7r/4)J(Bi)(®*‘).  (3) 

where  J(Bj)  is  the  Jones  matrix  for  a  retarder  with 
retardation  Bj  and  Rifi)  is  the  rotation  matrix  with 
rotating  angle  0. 

Then,  the  Stokes  parameters  of  the  output  light  can 
be  calculated  as  follows: 

Si”  =  cos  B2  cos  2a  +  sin  B2  sin(Si  —  5)sin  2a  , 

82°  =  sin  B3  sin  S2  cos  2a  +  cos  B3  sin  2a  cos(Si  -  d) 

—  sin  B3  cos  B2  sin(Bi  —  5)  sin  2a , 

83°  =  cos  B3  sin  B2  cos  2a  -  sin  B3  sin  2a  cos(Bi  -  5) 

-  cos  B3  cos  B2  sin(Bi  -  5)  sin  2a  .  (4) 

If  the  voltage  of  the  first  cell  is  adjusted  such  that  the 
retardation  Bi  satisfies 

Bi-5  =  7r/2,  (5) 

then  Eqs.  (4)  can  be  reduced  as  follows: 


B3  =  tan"nS2"/S3")  +  nn ,  (7) 

The  additional  terms  in  B\  and  B3  arise  from  the 
fact  that  the  period  of  B  is  27r,  whereas  the  period 
of  the  tangent  function  is  tt;  therefore  we  require 
additional  information  such  as  the  sign  of  one  of  the 
Stokes  parameters  to  determine  the  exact  values  of  B\ 
and  B3.  As  a  result,  m  and  n  can  be  determined  as 
follows:  m  =  1  when  S3'  <  0,  and  n  =  1  when  52°  <  0; 
otherwise,  m  =  n  =  0. 

Since  we  applied  voltages  to  control  the  birefrin¬ 
gence,  the  relationship  between  the  birefringence  and 
the  voltage  needs  to  be  determined.  In  our  experi¬ 
ment  this  relationship  was  measured  with  a  Hewlett- 
Packard  HP8509B  polarization  analyzer.  These  data 
were  interpolated  by  use  of  a  cubic  spline,"  as  shown  in 
Fig.  3.  Any  27r  region  of  this  curve  can  be  used  for  de¬ 
termining  the  voltage-birefringence  relationship.  We 
chose  the  ■n-iir  region  of  the  curve  to  avoid  the  high 
nonlinear  region. 

The  vahdity  of  this  analysis  was  tested  experimen¬ 
tally  in  two  experiments  in  which  an  arbitrary  initial 
SOP  was  transferred  to  some  preset  target  SOP.  The 
experiments  were  done  with  a  computer-based  au¬ 
tomatic  polarization  control  and  measurement  sys¬ 
tem.  The  Stokes  partuneters  were  measured  with  a 
HP8509B  polarization  analyzer  using  an  internal  laser 
source  at  1.3  nm.  The  applied  voltages  of  the  differ¬ 
ent  Uquid-crystal  cells  were  controlled  by  a  computer 
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Fig.  3.  Measured  relationship  between  the  applied  volt¬ 
ages  and  the  birefringence  of  the  liquid-crystal  cell.  Filled 
circles,  measured  data;  solid  curve,  result  from  the  cubic 
spline  interpolation.  For  clarity,  only  one  tenth  of  the  mea¬ 
sured  data  are  shown. 


Fig.  4.  Experimental  results  of  arbitrary  polarization 
transformation.  The  initial  polarization  state  is  arbitrar¬ 
ily  chosen  as  S‘  =  (-0.61,  0.11,  -0.71).  The  final  states 
are  chosen  to  be  two  circles;  (a)  Sa”  =  0,  (b)  §2°  =  0.866. 
The  results  are  shown  in  (a)  the  S1-S2  and  (b)  the  Si -S3 
planes. 

tind  three  HP33120A  function  generators.  The  liquid- 
crystal  cells  were  fabricated  in  our  laboratory. 

The  initial  states  for  both  experiments  were  arbi¬ 
trary  chosen  such  that  S‘  =  (-0.61,  0.11,  -0.71).  The 
first  experiment  shows  that  this  initial  SOP  was  trans¬ 
ferred  to  a  SOP  on  the  equatorial  plane  (i.e.,  83°  =  0, 
Si°,  and  82°  were  continuously  changed),  as  shown  in 
Fig.  4(a).  The  second  experiment  shows  that  the  ini¬ 
tial  SOP  was  transferred  to  the  SOP  on  another  circle 
with  82°  =  0.866,  whereas  and  83°  were  chemged 
continuously,  as  shown  in  Fig.  4(b).  In  this  case  the 
radius  of  the  projection  circle  in  the  Si  -S2  plane  should 
equal  0.5.  The  experimental  results  are  shown  in  the 
S1-S2  and  the  Si -S3  projection  planes. 

During  the  experiment,  the  liquid-crystal  cells  were 
quite  stable  if  the  applied  voltages  were  fixed.  Fluc¬ 
tuations  were  less  them  1%  during  a  time  period  of 
several  minutes.  The  fluctuations  were  determined 


to  be  the  fluctuations  of  the  reflective  index  of  liquid 
crystal  with  temperature.  No  attempt  was  made  to 
correct  the  drift  for  these  experiments  at  room  tem¬ 
perature  although  it  can  be  reduced  by  temperature 
control  or  application  of  a  feedback  scheme.  The  addi¬ 
tional  source  of  error  was  in  setting  the  suitable  volt¬ 
ages  according  to  the  interpolation  results,  because  the 
birefringence  of  liquid  crystals  is  very  sensitive  to  ap¬ 
plied  voltage.  This  change  can  be  as  large  as  a  few 
degrees  for  a  change  of  millivolts  applied  to  the  cell. 
The  speed  of  the  transformation  is  essentially  limited 
by  the  electro-optic  response  of  nematic  liquid-crystal 
materials,  which  is  typically  of  the  order  of  10  ms. 

In  conclusion,  we  have  proposed  a  practical  arbitrary 
polarization  controller  that  uses  nematic  liquid  crys¬ 
tals.  The  operating  principles  were  addressed  mathe¬ 
matically  by  use  of  Stokes  parameters  and  Poincare 
sphere  representation.  We  showed  the  actual  polar¬ 
ization  transformation  from  one  arbitrary  state  to  an¬ 
other,  using  a  computer-based  polarization  control  and 
measurement  system.  This  device  is  expected  to  play 
an  important  role  in  birefringence  networks  and  may 
be  useful  in  minimizing  or  controlling  losses  and  other 
characteristics  related  to  polarization-dependent  de¬ 
vices  in  light-wave  systems. 
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Although  reflective  bistable  twisted  nematic  (RBTN)  displays  have  potential  in  low-power-consumption 
applications,  to  achieve  the  optimum  conditions  for  both  bistable  states  simultaneously  remams  a  challenge. 

We  use  a  geometrical  method  based  on  the  Poincare  sphere  representation  to  obtam  the  optunum  conditions 
that  can  simultaneously  satisfy  both  bistable  states  for  a  RBTN  structure.  With  this  method,  the  optunum 
conditions  can  be  obtained  analytically  and  the  operation  modes  can  be  clearly  visualized  and  better 
understood.  ©  1999  Optical  Society  of  America 
OCIS  codes:  230.3720,  230.5440,  260.5430, 120.2040. 


The  bistable  twisted  nematic''^  (BTN)  bquid-crystal 
display  has  become  increasingly  attractive,  since  it 
offers  power-off  memory,  which  is  useful  in  matrix- 
addressed  liquid-crystal  displays  with  a  large  num¬ 
ber  of  elements.  Recently,  practical  application  of  the 
BTN  display  was  demonstrated.^  A  BTN  device  dis¬ 
plays  bistability  between  two  topologically  equivalent 
ordered  states;  both  states  have  a  smooth  configura¬ 
tion  of  the  director  and  can  be  switched  by  use  of  a  spe¬ 
cially  shaped  electrical  pulse.  Most  BTN  displays  are 
operated  in  the  transmissive  mode.  To  complete  the 
display  one  needs  a  front  and  a  rear  polarizer.  This 
two-polarizer  configuration  suffers  from  problems  such 
as  low  brightness  and  parallax. 

There  have  been  a  few  efforts'*’®  to  solve  these  prob¬ 
lems  by  combining  the  advantages  of  the  BTN  and  the 
reflective  displays  in  a  reflective  bistable  twisted  ne¬ 
matic  (RBTN)  liquid-crystal  display.  A  RBTN  display 
contains  only  a  front  polarizer,  a  liquid-crystal  cell,  and 
a  rear  reflector,  as  was  proposed  by  Xie  and  Kwok'*  Md 
Kim  et  al.^  In  their  studies  parameter  optimization 
was  performed,  but  in  both  studies  the  authors  failed  to 
achieve  the  optimum  conditions  for  both  bistable  states 
simultaneously.  Xie  and  Kwok*  used  the  parameter 
space  method®  to  determine  the  optimum  conditions 
for  several  incident  polarization  angles.  Although  the 
method  that  they  employed  provides  the  conditions  for 
achieving  a  high  contrast  ratio,  state-of-polarization 
(SOP)  optimization  was  not  considered.  Kim  et  al.^ 
performed  optimization  by  assuming  that  the  incident 
polarization  was  parallel  to  the  entrance  director.  In 
this  case  the  two  states  could  not  be  simultaneously 
optimized,  so  the  optimum  conditions  for  the  dark  state 
were  used.  In  this  Letter  we  use  a  geometrical  method 
to  obtain  the  simultaneous  optimum  conditions  for  both 
bistable  states. 

From  the  reversibility  theorem  of  Jones,  it  can  be 
shown®  that,  in  a  reflective  structure,  if  the  output  SOP 
is  required  to  be  parallel  (perpendicular)  to  the  inci¬ 
dent  linear  SOP,  then  the  SOP  at  the  mirror  should  be 
linear  (circular).  Therefore  the  problem  of  simultane¬ 
ously  optimizing  both  bistable  states  in  a  RBTN  struc¬ 
ture  can  be  reduced  to  the  following  statement:  The 
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SOP  at  the  mirror  of  a  RBTN  structure  should  be  cir¬ 
cular  for  one  twisted  state  and  linear  for  the  other 
twisted  state. 

In  Ref  9  the  use  of  a  geometrical  method  to  study 
the  properties  of  a  general  twisted  nematic  (TN)  struc¬ 
ture  in  the  static  state  was  proposed.  This  method  is 
based  on  the  Poincare  sphere*®  (PS)  representation  of 
the  SOP.  The  PS  method  represents  the  trajectory  of 
the  SOP’s  evolution  as  a  geometrical  curve  on  the  ^ 
when  light  passes  through  a  TN  cell.  Compared  with 
the  commonly  used  parameter  space  method,®  the  PS 
method  has  several  advantages.  Because  of  its  geo¬ 
metrical  nature,  the  PS  method  provides  a  clear  vi¬ 
sualization  of  the  evolution  of  the  SOP  and  a  better 
understanding  of  the  operation  modes;  therefore  opti¬ 
mization  in  terms  of  the  SOP  can  be  easily  achieved. 
Equally  important,  in  most  cases  optimization  of  the 
parameters  can  be  reduced  to  a  simple  geometri¬ 
cal  problem.  This  eliminates  the  need  for  complex 
numerical  calculations. 

A  TN  liquid  crystal  has  an  intriguing  structure.  Its 
optical  projierties  are  a  combination  of  birefringence 
and  optical  rotation.  Bigelow  and  Kashnow**  used  the 
PS  representation  to  study  the  optical  properties  of  a 
TN  structure.  They  suggested  that  a  TN  structure 
can  be  represented  on  the  PS  by  a  cone  that  rolls 
without  sliding  along  the  equator.  One  can  'visualize 
the  evolution  of  the  initial  SOP  as  it  passes  through 
a  TN  structure  by  tracing  the  trajectory  of  the  initial 
point.  This  initial  point  is  rigidly  connected  to  the 
cone  while  the  cone  rolls  on  the  equatorial  plane  at  a 
rate  that  is  twice  the  rate  of  the  twist  of  the  directors. 
The  cone’s  axis  (ON  in  Fig.  1)  is  defined  by  its  half¬ 
angle  w: 

taxi  o)  =  Xtp/vd An ,  (1) 

where  A  is  the  wavelength,  tp  is  the  twisted  angle,  and 
dAn  is  the  birefringence.  TTie  angle  that  the  cone  rolls 
about  its  axis  ON  is  defined  as 

d>  =  [(27rdAn/\f  +  (2) 

The  geometrical  method  outlined  above  has  been 
used  to  study  the  SOP  evolution  of  a  TN  structure  when 
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Fig.  1.  (a)  Circular  SOP  output  conditions.  A  is  the 
incident  SOP.  ON  is  the  cone’s  axis,  and  r  is  the  radius 
of  the  cone’s  base,  (b)  Si -S3  projection  plane,  (c)  S1-S2 
projection  plane,  (d)  Total  rotation  angle  required  for 
circular  SOP  output.  ’The  solid  line  represents  the  eouator 
of  the  PS. 


the  incident  light  was  linearly  polarized  and  parallel 
to  the  entrance  director.®  Below,  this  geometrical 
method  is  used  to  obtain  the  simultaneous  optimum 
conditions  for  both  bistable  states  in  a  RBTN  structure 
by  consideration  of  a  general  incident  polarization 
angle. 

Suppose  that  the  entrance  director  is  at  angle  0°  and 
the  rear  director  is  at  2<p  on  the  PS.  The  incident 
polarization  angle  with  respect  to  the  direction  of  the 
entrance  director  is  a  on  the  PS  (a/2  in  real  space). 

First,  the  circular  SOP  output  conditions  for  an 
arbitrary  linear  incident  light  for  the  first  state  (the 
twisted  angle  is  (p)  are  deduced  by  use  of  the  PS 
method.  As  shown  in  Fig.  1,  the  entrance  director  is 
along  the  Sj  axis.  The  incident  SOP  (point  A)  makes 
an  angle  a  with  respect  to  the  Si  axis.  According  to 
the  rolling-cone  model,  as  the  cone’s  axis  ON  rotates 
about  the  polar  axis  by  an  angle  2<p,  point  A  rotates 
about  the  ON  axis  by  and  angle  d),  as  defined  in  Eq.  (2). 
"rwo  conditions  are  required  for  point  A  to  reach  the 
circular  polarization  state  (point  L  in  Fig.  1):  First, 
the  distance  of  points  A  and  L  from  the  ON  axis  must 
be  the  same;  second,  the  cone  must  rotate  by  a  specific 
angle  along  the  equator. 

The  first  requirement  for  the  circular  SOP  output 
can  be  written  as  LC  =  AC.  Figure  1  shows  that 
LC  —  cos  w  and  AC  =  (AB^  -I-  where  AB  = 

sin  a,  and  BC  =  OB  sin  o)  =  cos  a  sin  a).  Therefore 
the  first  requirement  is  that  sin^o;  =  cos^a/(l  + 
cos^a).  'The  second  requirement  C£m  be  deduced  by 
use  of  Fig.  1(d).  The  angle  that  the  cone  rotates  is 
determmed  by  2(p/r  =  2(p/smu>,  where  r  =  sin  (o  is 
the  radius  of  the  cone’s  base.  As  Fig.  1(d)  shows,  this 
angle  should  be  equal  to  2mT-p  when  0°  <  a  <  90°. 
Therefore  the  second  requirement  is  that  2<p  =  {2mr  - 
^)sin  a»,  where  p  can  be  defined  from  the  triangle 
LCA,  which  is  cos  p  —  —  tan^  <u.  For  the  other  range 
of  a,  one  can  obtain  similar  results  by  following  the 
same  procedures.  In  more-explicit  form,  the  general 


conditions  for  the  circular  SOP  output  can  be  written 
as  follows: 

For  0°  <  a  <  90°  and  -180°  <  a  <  -90°, 

?>  =  [(«+  l)7r  -  cos“*(-cos^  a)/2]cos  a 
/(I  +  cos^  a)^^, 

dAn  =  \ip/{TT  cos  a) ,  (3a) 

and  for  90°  <  o  <  180°  and  -90°  <  a  <  0°, 

<p  =  [mr  +  cos^il-cos’^  a)/2]cos  a 

/(I  +  cos^  a)^^, 

dAn  =  kipKir  cos  a) ,  (3b) 

where n  =  0,  1,  2,  ... 

Equations  (3)  can  be  used  to  yield  the  incident 
polarization  angle  a,  the  optimum  twist  angle  and 
the  birefringence  dAn. 

The  linear  SOP  output  condition  of  the  second  state 
(the  twisted  angle  is  ip'  =  ^  ±  2'jt)  can  be  deduced  in 
a  similar  manner.  As  Fig.  2  illustrates,  there  are  two 
instances  in  which  the  output  SOP  can  be  linear.  The 
first  instance,  shown  in  Fig.  2(a),  occurs  when  a  cone 
rotates  by  an  angle  2m'7r.  The  other  instance,  shown 
in  Fig.  2(b),  occurs  when  the  cone’s  total  rotation  angle 
is  2mir  +  2x.  According  to  Eq.  (2),  we  have 

{n^d^An^lA^  +  =  mn  (4) 

or 

{n^d^An^lA^  +  ip'^)^^  =  mir  +  x ,  (5) 

where  tan  ^  =  AB/BC  =  tan  a/sin  w'  and  tan  w'  = 
A<p'/TrdAn;  p'  =  tp  ±  27r  is  the  twist  angle  for  the 
second  state.  Equations  (4)  and  (5)  provide  the  linear 
SOP  output  conditions  for  the  second  state. 

Equations  (3)— (5)  provide  the  optimum  condi¬ 
tions  that  can  simultaneously  optimize  both  bistable 
states  in  a  RBTN  structure.  These  analytical  so¬ 
lutions  can  be  used  to  find  the  actual  optimum 
conditions  for  a,  p,  and  dAn.  The  results  are 
shown  in  Table  1  and  Fig.  3.  In  Fig.  3  the  solid 
circles  represent  the  conditions  that  satisfy  Eqs.  (3). 
Among  these  conditions,  those  that  satisfy  Eq.  (4) 
or  (5)  are  represented  by  squares.  Each  square 


Fig.  2.  Linear  SOP  output  conditions:  (a)  Total  rotation 
angle  2/7iJr;  (b)  total  rotation  angle  2mrr  +  2x. 
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Table  1.  Optimum  Conditions  for  the  RBTN 
Structure  _ 


Polarizer  Angles 

<P 

1st 

2nd 

dArt(nm) 

a/2n 

State  (°) 

State  (°) 

A 

46.65, 

-43.35 

2.59 

-357.41 

137.6 

B 

24.25, 

-67.75 

67.38 

-292.62 

310.69 

C 

32.95, 

-57.05 

49.22 

409.22 

368.31 

D 

39.6, 

-50.4 

24.68 

-335.32 

402.4 

E 

68.85, 

-21.15 

143.8 

503.8 

593 

P 

54.75, 

-35.25 

72.26 

-287.74 

661.4 

G 

50.55, 

-39.45 

42.74 

402.74 

678.29 

H 

21.45, 

-68.55 

176.56 

-183.44 

736.46 

I 

22.25, 

-67.75 

174.04 

534.04 

745.57 

J 

30.9, 

-59.1 

131.83 

-228.17 

852.4 

K 

36.3, 

-53.7 

90 

450 

914.6 

L 

42.15, 

-47.85 

31.1 

-328.9 

956.93 
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Fig.  3.  Optimum  conditions  for  the  RBTN  structure.  The 
solid  circles  are  the  optimum  conditions  for  perpendicular 
SOP  output.  Tbe  squares  are  the  optimum  conditions  for 
both  of  the  bistable  states.  The  open  squares  indicate  that 
the  other  state  has  a  twisted  angle  <p  +  27r;  the  filled 
squares  indicate  that  the  other  state  has  a  twisted  angle 

(p  —  2ir. 

in  Fig.  3  corresponds  to  a  unique  condition  speci¬ 
fied  by  a,  and  d^n  that  can  simultaneously  opti¬ 
mize  both  bistable  states.  These  optimum  conditions 
are  summarized  in  Table  1.  As  Table  1  shows,  there 
are  two  incident  polarization  angles  for  each  mode,  and 
in  real  space  the  difference  between  these  two  angles 
is  90°.  This  degeneracy  arises  because  there  are  two 
orthogonal  linear  SOP  [A  and  A'  in  Fig.  1(a)]  that 
have  the  same  rotation  properties  with  respect  to  the 
cone’s  axis. 

According  to  Eqs.  (3),  the  required  twisted  angle 
<p  has  no  wavelength  dependence,  whereas  the  bire¬ 


fringence  dAra  is  proportional  to  the  wavelength  A. 
Therefore,  for  those  conditions  with  a  higher  dAn.,  the 
wavelength  dependence  is  stronger.  Figure  3  shows 
the  first  two  branches  of  the  optimum  conditions,  which 
are  the  solutions  for  Eqs.  (3)  when  n  is  set  equal  to  0 
and  1.  One  can  obtain  the  higher  branches  by  setting 
n  equal  to  higher  values,  but  these  solutions  have  high 
birefringence  dAn,  and  therefore  they  are  not  attrac¬ 
tive  owing  to  the  large  wavelength  dependence.  Those 
in  the  first  branch  (modes  A,  B,  C,  and  D  in  Table  1) 
are  preferred  because  of  their  low  d  Are. 

In  conclusion,  we  have  introduced  a  geometrical 
method,  the  Poincare  sphere  method,  to  obtain  the 
simultaneous  optimum  conditions  for  both  bistable 
states  for  a  RBTN  structure.  With  this  method,  the 
optimum  conditions  can  be  obtained  in  analjd;ical  forms 
without  a  complex  numerical  calculation.  The  PS 
method  also  provides  a  clear  visualization  and  a  better 
understanding  of  these  operation  modes. 
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In  this  letter,  we  experimentally  verify  the  operation  of  a  single-polarizer  reflective  bistable  twisted 
nematic  (BTN)  liquid-crystal  dsplay  using  an  optimized  geometry.  Based  on  the  polarization 
optimization  using  the  Poincare  sphere  representation,  several  optimized  operating  modes,  which 
can  simultaneously  optimize  both  bistable  states,  are  possible.  One  of  these  optimized 
configurations,  the  67.38°  and  -292.62°  twisted  bistable  states  with  310.69  nm  birefringence  and  a 
24.25  incident  polarization  angle,  is  studied  in  detail.  The  evolution  of  the  state  of  polarization  of 
light  passing  through  this  reflective  BTN  structure  is  numerically  studied,  and  the  electro-optic 
property  of  the  reflective  BTN  structure  is  experimentally  demonstrated.  Our  results  show  that, 
using  these  optimum  configurations,  a  high-contrast  display  is  possible.  ©  1999  American  Institute 
of  Physics.  [S0003-695 1  (99)02035-5] 


Reflective  liquid-crystal  displays  (LCDs)  with  a  single 
polarizer  are  attractive  for  many  display  applications,  par¬ 
ticularly  in  those  applications  that  require  low-power  con¬ 
sumption  and  high  brightness.  For  reflective  displays  that  use 
two  piolarizers,  the  overall  efficiency  is  reduced  by  the  low 
brightness  that  results  from  the  color  filter  and  the  driving 
elements  like  thin-film  transistors.  Moreover,  the  parallax 
from  the  substrate  further  reduces  the  quality  of  the  display, 
especially  when  it  is  used  with  a  color  filter.  Therefore, 
single-polarizer  configurations  are  preferred  in  reflective  dis¬ 
plays.  To  improve  the  contrast  ratio  and  the  switching  time, 
various  liquid-crystal  (LC)  modes  that  use  a  single-polarizer 
reflective  configuration  have  been  investigated. 

Recently,  there  has  been  considerable  interest  in  the 
bistable  twisted  nematic  (BTN)  LCD  since  it  offers  power- 
off  memory  and  makes  the  matrix-addressed  liquid-crystal 
displays  with  a  large  number  of  elements  possible.  Since  the 
BTN  device  has  to  be  switched  between  two  LC  configura¬ 
tions,  the  two  configurations  have  to  be  topologically  equiva¬ 
lent  if  they  are  to  be  driven  from  the  same  initial  state.  This 
requires  that,  for  a  chosen  boundary  condition,  the  twists  in 
the  two  bistable  states  have  to  differ  by  an  integral  multiple 
of  277.  When  a  high  electric  field  is  initially  applied  to  a  BTN 
structure  and  then  switched  off,  the  field-driven  state  relaxes 
into  one  of  the  two  possible  states:  the  (p-twisted  state  or  the 
(<p±  277) -twisted  state,  where  <p  is  the  twisted  angle. 
Transmissive-mode  BTN  device  using  two  polarizers  were 
first  proposed  by  Berreman  in  the  early  1980s,^  ‘‘  and  recently 
a  practical  electro-optic  device  that  shows  a  high  contrast 
and  fast  switching  characteristics  has  been  demonstrated.’ 

There  have  been  efforts  to  combine  the  advantages  of 
the  BTN  and  the  reflective  displays  with  a  single  polarizer.*-’ 
In  these  works,  the  optimizations  were  numerically  per¬ 
formed,  and  the  conditions  for  the  maximum  contrast  were 
suggested.  Although  higher  contrast  was  obtained  by  these 
methods,  the  optimization  principles  were  not  clearly  under¬ 
stood.  In  a  recent  paper,*  we  demonstrated  that  the  optimum 
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conditions  for  a  reflective  BTN  display  can  be  obtained  in 
analytical  forms  using  the  Poincare  sphere  method.  Several 
optimum  conditions  that  can  simultaneously  optimize  both 
bistable  states  are  deduced  using  these  analytical  solutions. 

Since  the  BTN  cell  is  switching  between  two  bistable 
twisted  states,  the  optimization  for  the  reflective  mode 
should  satisfy  two  requirements.  We  assume  that  the  incident 
light  is  arbitrary  linearly  polarized.  For  one  state  {tp  twisted), 
the  state  of  polarization  (SOP)  of  the  reflected  light  should 
be  linear  and  orthogonal  to  that  of  the  incident  light.  For  the 
other  state  [{ip±2n)  twisted],  the  SOP  of  the  reflected  light 
should  be  identical  to  that  of  the  incident  light.  We  calcu¬ 
lated  the  optimum  conditions  using  the  Poincare  sphere 
method.  Three  cell  parameters,  dAn  (birefringence),  <p 
(twisted  angle),  and  a  (incident  polarization  angle),  were  ad¬ 
justed  for  the  calculations.  The  optimized  configurations  are 
summarized  in  Table  I.  Among  these  conditions,  those  with 
larger  dAn  (modes  E-L  in  Table  1)  are  not  attractive  due  to 
the  large  wavelength  dependence.  Therefore,  for  practical 
applications,  we  examined  condition  B  stated  in  Table  I, 
where  the  angle  of  the  front  polarizer  is  24.25°  and  the  bire¬ 
fringence  of  the  cell  is  310.69  nm.  The  twist  angle  is  67.38° 
for  one  state,  and  -292.62°  for  the  other  state.  The  wave¬ 
length  of  the  incident  light  is  assumed  to  be  550  nm.  In  this 


TABLE  I.  Optimum  conditions  for  the  RBTN  display. 


Polarization 
angle  a/2  (°) 

<p  for  the 

1st  state  (°) 

(f  for  the 

2nd  state  (°) 

(dA)  (nm) 

A 

46.65,  -43.35 

2.59 

-357.41 

137.6 

B 

24.25,  -67.75 

67.38 

-292.62 

310.69 

C 

32.95,  -57.05 

49.22 

409.22 

368.31 

D 

39.6,  -50.4 

24.68 

-335.32 

402.4 

E 

68.85.  -21.15 

143.8 

503.8 

593 

F 

54.75,  -35.25 

72.26 

-287.74 

661.4 

G 

50.55,  -39.45 

42.74 

402.74 

678.29 

H 

21.45.  -68.55 

176.56 

-183.44 

736.46 

I 

22.25,  -67.75 

174.04 

534.04 

745.57 

1 

30.9,  -59.1 

131.83 

-228.17 

852.4 

K 

36.3,  -53.7 

90 

450 

914.6 

L 

42.15,  -47.85 

31.1 

-328.9 

956.93 
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FIG.  1.  Numerical  results  for  the  SOP  evolutions  inside  the  cell  are  shown 
on  the  Poincare  sphere.  The  solid  and  dashed  lines  represent  the  twist  of 
67.38“  and  -292.62°,  respectively.  The  reflected  output  polarization  is  or¬ 
thogonal  to  the  input  polarization  for  one  state  and  idenucal  for  the  other 
state. 

letter,  we  provide  a  detailed  study  of  this  optimized  configu¬ 
ration.  The  evolutions  of  the  state  of  polarization  of  light  are 
numerically  studied,  and  the  electrically  switching  between 
the  dark  and  bright  states  are  experimentally  demonstrated. 

In  order  to  illustrate  the  operating  principle  for  this  op¬ 
timized  configuration  (mode  B  in  Table  I),  it  is  instructive  to 
examine  the  evolutions  of  the  SOP  for  both  bistable  states  in 
the  Poincare  sphere  representation.  For  both  bistable  states, 
the  LC  directors  are  uniformly  twisted.  A  perfect  mirror  was 
assumed  to  be  placed  on  the  back  substrate  of  the  cell.  For 
numerically  calculating  the  optical  properties,  the  BTN  cell 
is  divided  into  100  equally  thick  homogeneous  plates.  The 
Stokes  parameter  of  light  that  emerges  from  each  plate  can 
be  calculated  using  the  Mueller  matrix.  The  calculation  prin¬ 
ciple  has  been  described  in  our  previous  work.^  The  evolu¬ 
tions  of  the  SOP  for  normal  incident  light  are  shown  in  the 
S,-S2  projection  plane  of  the  Poincare  sphere  in  Fig.  1.  The 
dashed  and  solid  lines  represent  the  projection  of  SOP  evo¬ 
lution  for  the  states  of  the  67.38°  twist  and  the  —292.62 
twist,  respectively.  For  the  less-twisted  state,  the  SOP  of 
light  is  launched  at  point  A  on  the  Poincare  sphere,  which  is 
at  48.5°  (twice  the  incident  polarization  angle)  with  respect 
to  the  Si  axis.  During  a  single  pass,  it  first  reaches  a  linearly 
polarized  state  (point  B)  at  the  middle  of  the  cell  and  then 
reaches  the  circular  polarized  state  L  at  the  mirror.  When  the 
light  is  reflected  from  the  mirror  and  passes  through  the  cell 
in  the  opposite  direction,  the  SOP  follows  an  orthogonal 
path.  Each  of  the  points  on  the  reflective  trajectory  are  or¬ 
thogonal  to  the  corresponding  points  on  the  incident  trajec¬ 
tory.  The  SOP  goes  from  point  L  (circularly  polarized  state) 
to  point  C  (linearly  polarized  state),  and  it  then  emerges  with 
polarization  state  D,  which  is  orthogonal  to  the  initial  polar¬ 
ization  state  A.  This  configuration  gives  a  dark  state  for  the 
chosen  wavelength.  For  the  higher-twisted  state,  the  incident 
SOP  is  launched  at  the  same  point  A.  For  a  single  pass,  the 
SOP  first  becomes  linearly  polarized  (points  E  and  F)  inside 
the  cell  and  then  emerges  with  linearly  polarized  state  G  at 
the  mirror.  When  reflected  from  the  mirror,  the  SOP  returns 
to  the  initial  linearly  polarized  state  A  along  the  same  path, 
but  in  the  opposite  direction.  This  configuration  gives  a 
bright  state  for  the  same  given  wavelength. 

It  is  clearly  shown  in  Fig.  1  that  mode  B  in  Table  I  is 


Selection  Voltage  [V] 

FIG.  2.  Experimental  results  for  the  reflected  light  intensity  as  a  function  of 
a  selection  voltage  in  a  reflective  mode  with  a  single  polarizer.  The  driving 
voltage  wave  form  consists  of  the  reset  and  selection  signals.  The  darit  and 
bright  states  are  obtained  in  the  67.38°  and  —292.62°  twisted  states,  respec¬ 
tively. 

Optimized  in  terms  of  the  SOP.  For  the  two  bistable  states, 
the  output  SOP  is  pierpendicular  to  the  incident  for  the  less- 
twisted  state  (dark  state)  and  parallel  for  the  higher-twisted 
state  (bright  state).  These  two  states  can  be  electrically 
switched  by  a  specially  shaped  driving  wave  form,  as  shown 
in  the  inset  of  Fig.  2.  The  driving  wave  form  consists  of  a 
reset  signal  and  a  selection  signal.  A  reset  voltage  V,  was 
initially  applied  to  the  cell  in  order  to  orient  the  LC  mol¬ 
ecules  perpendicular  to  the  cell  surface.  At  a  high  reset  volt¬ 
age,  the  LC  directors  are  aligned  perpendicular  to  the  surface 
of  the  cell  and  reach  a  vertical  state.  Since  the  vertical  state  is 
topologically  equivalent  to  the  two  bistable  twisted  planar 
states,  it  can  be  continuously  transformed  into  one  of  the  two 
bistable  twisted  states.®  The  two  bistable  states  have  the 
same  energy  and  are  equally  probable  to  be  transformed  to 
the  vertical  state.  When  the  reset  pulse  is  suddenly  switched 
off,  the  LC  molecules  relax  to  the  planar  state  due  to  the 
elastic  property.  In  the  planar  state,  the  LC  directors  lie  in  a 
plane  parallel  to  the  cell  surface.  The  state  selection  is  made 
possible  due  to  the  presence  of  the  backflow,'®  a  process  that 
occurs  during  the  switching  process.  The  backflow  effect  can 
be  controlled  by  the  magnitude  of  the  selection  voltage  for  a 
fixed  reset  pulse.  For  a  smaller  value  of  the  selection  voltage, 
the  backflow  is  larger,  and  the  midplane  director  chooses  the 
more-twisted  state  after  the  selection  pulse  ceases.  On  the 
other  hand,  the  application  of  larger  selection  voltage  results 
in  a  smaller  backflow  and  the  midplane  director  chooses  the 
less-twisted  state  after  the  selection  pulse  ceases.  With  the 
proper  combination  of  the  reset  and  selection  voltage,  the 
vertical  state  can  be  transformed  into  the  67°-twisted  or  the 
-293°-twisted  planar  state. 

In  the  following,  we  describe  the  sample  fabrication  pro¬ 
cedure,  followed  by  the  experimental  results.  The  BTN  cell 
was  made  using  indium-tin-oxide  (ITO)  glass  substrates. 
To  promote  planar  alignment,  the  polyamide  (PI)  of  AL¬ 
IOS  1  (Japan  Synthetic  Rubber  Co.)  was  coated  on  both  sub¬ 
strates.  Several  cells  were  made  with  different  cell  gaps,  in 
which  the  pitch  of  the  LC  p  was  fixed  at  — 14.8  /zm.  Bistable 
switching  was  not  observed  when  the  cell  thickness  d  was 
4.7  or  5.2  ^im,  but  switching  was  observed  when  the  cell 
thickness  was  between  4.9  and  5.0  |zm.  Based  on  these  re¬ 
sults,  the  required  \dlp\  for  bistable  switching  can  be 
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roughly  estimated  to  be  between  0.324  and  0.345.  Ideally, 
the|d/p|  for  mode  B  should  be  0.313.  At  this  the  twist 
elastic  energies  of  the  two  twisted  states  are  the  same.  The 
shift  of  dip  from  the  ideal  value  has  been  observed 
previously.*'  One  possible  reason  for  this  shift  could  be  the 
presence  of  a  surface  pretilt  angle.  In  the  presence  of  a  sur¬ 
face  pretilt,  there  exist  additional  splay  and  bend  deforma¬ 
tions  in  the  higher-twisted  state,  and  the  total  elastic  energy 
for  the  higher-twisted  state  is  increased.  For  the  two  twisted 
states  to  be  equivalent  in  energy,  the  elastic  energy  of  the 
less-twisted  state  should  be  increased,  which  can  be  achieved 
by  adding  more  twist  energy  to  the  less-twisted  state.  There¬ 
fore,  \dlp\  could  be  larger  than  the  ideal  value. 

To  demonstrate  the  bistable  switching  of  mode  B  in 
Table  I,  we  chose  a  cell  which  has  the  closest  configuration 
to  that  specified  in  Table  I  for  mode  B.  The  cell  gap  was 
maintained  by  glass  spacers  of  5.0  yam.  Chiral  dopant  was 
introduced  into  the  LC  with  the  doping  concentration  ad¬ 
justed  to  give  i//p=  -0.338  (left  handed).  The  LC  and  the 
chiral  dopant  used  were  ZLI-4119  (Ah  =  0.0603)  and  S-811 
from  E.  Merck,  respectively.  The  widths  of  the  reset  and  the 
selection  signals  are  10  and  20  ms,  respectively.  The  magni¬ 
tude  of  the  reset  voltage  was  fixed  at  30  V.  This  high  voltage 
ensures  that  the  LC  directors  are  in  the  vertical  state  after  the 
reset  voltage.  The  frame  frequency  of  the  driving  wave  form 
was  1  Hz.  A  mirror  was  place  under  the  cell  and  the  reflected 
light  intensity  through  the  BTN  cell  was  measured  using  a 
microscope.  The  wavelength  of  the  incident  light  was  at 
about  550  nm,  obtained  by  a  narrow-band  filter  and  a  broad¬ 
band  light  source.  Figure  2  shows  the  expierimental  results  of 
reflected  intensity  as  a  function  of  the  selection  voltage.  The 
67°-twisted  (dark)  and  294°-twisted  (bright)  states  are  pro¬ 
duced  under  relatively  high-  and  low-selection  voltages,  re¬ 
spectively.  A  sharp  transition  between  dark  and  bright  states 
was  observed  at  about  ±3  V.  The  contrast  was  measured  to 
be  around  29.  The  BTN  cell  exhibits  achromatic  characteris¬ 


tics,  fast  switching  (<10  ms).  Because  of  the  planar  switch¬ 
ing,  it  also  has  a  wider  viewing  angle.  These  properties  show 
that  mode  B  is  sufficient  for  the  applications  of  reflective- 
type  displays  and  gives  better  electro-optic  characteristics 
than  any  other  mode  in  a  single-polarizer  configuration. 

In  this  study,  we  have  experimentally  examined  an  opti¬ 
mized  geometry  for  a  bistable  twisted  nematic  configuration 
which  we  suggested  theoretically  in  a  previous  paper.  While 
only  the  on-axis  transmission  were  measured  in  these  experi¬ 
ments,  our  preliminary  measurements  show  that  these  de¬ 
vices  have  better  viewing  angle  properties  compared  to  the 
ordinary  twisted  nematic  liquid-crystal  displays.  This  is  an 
expected  result  because  of  the  lack  of  out-of-plane  tilting  in 
both  bistable  states.  The  experiment  results  show  that  it  is 
indeed  possible  to  obtain  a  high-contrast  device  using  a 
single  polarizer  operating  in  a  bistable  configuration. 

Partial  support  of  this  research  by  the  Defense  Advanced 
Research  Projects  Agency  (Contract  No.  F30602-98-1- 
0191),  and  by  the  Donors  of  the  Petroleum  Research  Fund, 
administered  by  the  American  Chemical  Society,  is  acknowl¬ 
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ABSTRACT 

In  the  study  of  lightwave  systems,  polarization  related  effects  have  become  important  considerations.  This  has  led  many 
researchers  to  focus  on  developing  practical  means  of  controlling  the  state  of  polarization  of  light.  This  paper  demonsttates  a 
polarization  controller,  consisting  of  a  stack  of  three  homogeneous  nematic  liquid  crystal  cells,  that  is  capable  of  chMging 
any  state  of  polarization  of  light  from  one  arbitrary  state  to  another.  By  adjusting  the  voltages  applied  across  each  cell,  the 
state  of  polarization  can  be  controlled.  The  mathematical  algorithm  and  the  principles  of  this  polarization  controller  are 
developed  in  the  framework  of  the  Stokes  parameters,  allowing  an  easy  visualization  and  better  understandings  using 
Poincare  sphere  representation.  In  addition  to  providing  the  transformation  functions  for  converting  an  arbitra^  input 
polarization  state  to  any  output  state,  this  paper  describes  the  experiments  that  were  carried  out  to  illustrate  and  confirm  the 
arbitrary  polarization  transformations. 

Keywords:  Polarization  controller,  Nematic  liquid  crystals,  Stokes  parameters  and  Poincare  Sphere. 


1.  INTRODUCTION 

Commercial  optical  receivers  only  detect  optical  power;  they  are  not  sensitive  to  polarization.  For  the  most  part  this  has 
relegated  polarization  effects,  although  recognized  as  an  essential  feature  of  the  light  field,  to  a  minor  role  inlightwave 
systems  With  the  advance  of  optical  amplifier  technology  in  recent  years,  however,  optical  length  has  increased 
dramatically.  As  a  result,  polarization  dependent  loss  (PDL)  and  polarization  mode  dispersion  (PMD)  can  accumulate.  PDL, 
PMD  and  other  small  effects  are  now  regarded  as  important  considerations  in  lightwave  systems.  Another  and  equally 
significant  obstacle  to  optical  coherent  systems  is  the  polarization  change,  sometimes  referred  to  as  polarization  dnft,  which 
is  often  produced  by  polarization  dependent  components,  including  fibers,  optical  switches  andvaveguides.  It  is  essential,  in 
many  systems,  to  change  or  restore  the  resulting  state  of  polarization  (SOP)  to  the  desired  SOP. 

A  number  of  researchers  have  attempted  to  develop  a  viable  method  of  achieving  polarization  transformations  ^ 
most  part,  their  studies  have  focused  on  the  use  of  traditional  mechanical  squeezing  of  fibers,  LiNbOj  waveguides, 
Rtferencfioureenotfoon<i.j  p^rraday  efFect,"*  rotating  wave  plates  and  electro-optic  crystals.^'*  However,  since  these  methods  require 
a  high  operating  voltage  and  often  suffer  from  mechanical  fatigue,  each  has  proved  inconvenient. 

A  device  based  on  liquid  crystal  technology  has  many  advantages.  Even  a  relatively  small  electric  field  can  change  the 
birefringence  of  the  liquid  crystal  significantly.  One  study,  completed  b:ftumbaugh,  Jones  and  Casperson,  explored  the  use 
of  liquid  crystals  to  control  the  SOP.  Similar  to  other  studies,  their  work  was  limited  to  the  incident  light  with  a  specific 
linearly  polarization  state.  Rumbaugh  et,  al  intended  to  use  the  liquid  crystal  device  in  a  coherent  communication  system.  To 
prevent  signal  fading,  they  focused  on  developing  a  means  to  compensate  the  SOP  of  the  local  oscillator  to  match  that  of  the 
signal.  The  local  oscillator  is  linearly  polarized  at  a  specific  direction.  However,  the  input  polanzation  state  is  usually 
arbitrary  in  a  lightwave  system,  since  the  amount  and  direction  of  birefringence  induced  by  the  Aermal  or  rnechamcal 
fluctuations  exhibit  in  random  fashion.  Therefore,  there  is  a  need  to  develop  a  device  that  has  the  capacity  to  control  arbitrary 
polarization  states. 

This  paper  describes  a  three  liquid  crystal  cell  structure  that  can  achieve  an  arbitrary  polarization  transformation.  By 
adjusting  the  operating  voltages  of  the  liquid  crystal  cells,  the  SOP  is  controlled.  Clearly,  the  input  and  target  SOP  must  be 


’  Author  to  whom  correspondence  should  be  addressed;  Email:  zxzl09@psu.edu 
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toown  to  achieve  this  SOP  transformation.  Once  the  Stokes  parameter^  of  these  states  are  determined,  the  operation  voltage 
for  each  liquid  crystal  cells  can  be  set ,  and  the  desired  SOP  transformation  can  be  achieved. 

In  the  following,  we  begin  with  the  description  of  the  configuration  of  the  device,  followed  by  calculation  of  the  Stokes 
parameters  of  the  input  and  the  output  light  fields.  We  show  mathematically,  that  this  arbitrary  transformation  can  be  done 
using  three  nematic  liquid  crystal  cells  such  that  the  relative  orientations  of  these  three  cells  are  40  with  respect  to  one 
another.  After  that,  the  predication  of  the  theory  is  confirmed  by  experimental  results. 


Device:  LC,  LCj 

Orientation:  0°  45° 

Retardation:  B2 


Figure.  1 :  The  configuration  of  arbitrary-arbitrary  SOP  controller. 


2.  STOKES  PARAMETERS  CALCULATION 

Figure  1  shows  the  configuration  of  the  arbitrary  to  arbitraiy  polarization  controller.  This  polarization  controller  is  made 
up  of  three  homogenous  nematic  liquid  crystal  cells.  Each  liquid  crystal  slab  has  a  slow  axes  that  are  at  Q  45Dand  Otl 
respectively.  A  series  of  linear  birefringent  elements  (such  as  homogeneous  nematic  liquid  crystals  slab  in  our  case)  are 
described  by  a  series  of  rotations  on  the  Poincare  spher^  with  respect  to  axes  that  lie  on  the  equatorial  plane'".  Thus,  as 
shown  in  figure  2,  the  three  cells  in  our  device  correspond  to  three  axes,  which  are  HV,  PQ  and  HV  respectively’  By 
changing  the  applied  voltages,  the  amount  of  rotations  with  respect  to  each  axis  can  be  controlled  to  achieve  the  arbitrary  to 
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arbitrary  transformation. 

Suppose  the  incident  light  field  is  represented  by; 

'  E'^\(  cosa 

E‘  Isinaexp(j5) 
\  y )  V 

This  can  also  be  represented  by  Stokes  parameters  as: 


S{=E‘^E‘‘  -E‘yE‘y  =cos2a 
si  =  £■' +  E'y  =  sin  2a  cos  S 
Si=i{E‘^E‘J  -E‘yE[  '|=sin2asin5 


(1) 


(2) 


The  output  light  field  emerging  from  a  stack  of  three  liquid  crystal  cells  is  given  by; 


were  J(Bj)  is  the  Jones  matrix  for  retarder  with  retardation  Bj,  R(0)  is  the  rotation  matrix  with  rotating  angle  6. 
Then,  the  Stokes  parameters  of  the  output  light  can  be  calculated  as  follows. 


(3) 


S"  =  cos  S2  cos  2a  +  sin B^  sin(Si  -  5)sin2a 

Sj  =  sin  sin  Sj  cos  2a  +  cos  S3  sin  2a  cos(S,  -  5 )  -  sin  S3  cos  Sj  sin(S,  -  5  )sm2a  . 
S3  =cosS3sinS2Cos2a-sinS3sin2acos(S,  -5)-cosS3  COSS2  sin(S|  -5)sin2a 


The  final  SOP  of  the  light  that  emerges  from  the  stack  structure  is  given  byEq.  (4).  By  using  this  equation,  several  different 
applications  can  be  developed  by  requiring  the  birefringence  for  each  cell  to  satisfy  one  or  a  number  of  specific  conditions. 
Discussed  below  are  the  conditions  required  for  arbitrary  polarization. 


3.  OPERATION  PRINCIPLES 

If  the  voltage  applied  to  the  first  cell  is  adjusted  such  that  the  retardation  Bi  satisfy 

S,-5=n;/2,  (5) 


then  Eq.  (4)  can  be  reduced  as  following; 

S"  =  cos(S2  -2a) 

S2  =  sin  S3  sin(S2  -  2a) .  (^) 

Sf  =  cos  S3  sin(S2  -  2a) 


The  above  equation  has  the  same  form  as  the  unit  sphere  co-ordinates  with  azimuth  and  polar  ^gle  (E-2a)  and  Bj. 
Therefore,  the  Stokes  vector  defined  by  Eq.  (6)  can  span  the  entire  surface  on  Poincare  sphere,  if  Ei  and  B3  are  changed  in  a 
m  range.  This  confirms  that  all  points  on  the  Poincare  sphere  are  accessible  by  varying  the  birefnngence,  or  equivalently,  the 
voltages  applied  to  each  liquid  crystal  cells. 


Equation  5  although  not  a  necessary  condition,  simplifies  the  discussion  for  the  following  reason.  For  the  configuration 
showed  in  figure  1,  the  rotation  axes  are  fixed  and  they  are  orthogonal,  so  in  general,  it  needs  three  rotations  about  these  ^o 
axes  to  map  two  arbitrary  points  on  a  sphere  (figure.  2).  However,  only  two  rotations  around  the  axes  PQ  and  HV  are  needed 
if  the  incident  SOP  is  on  the  circle  where  S  is  equal  to  zero  (a  in  Fig.  2).  This  can  be  achieved  if  Q  is  a^usted  to  satisfy  q 
(5)  If  we  suppose  that  Eq.  (5)  is  not  satisfied,  as  shown  in  Fig.  3,  the  SOP  of  light  emerge  from  the  first  LC  cell  is  not  at 
point  2  where  Sj  is  equal  to  zero.  Instead  of  being  at  point  2,  it  is  at  a  point  off  circle  a,  for  example  at  point  2'.  The  next  cell. 
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according  to  Fig.  1,  is  onented  at  45CL  The  SOP  will  be  rotated  about  the  PQ  axis  as  it  passes  through  the  second  cell,  and  it 

circleyin  Fig,  3.  The  last  cell  is  oriented  at  0  degrees,  allowing  the  SOP  to  rotate  about 
the  HV  axis.  Figure  3  shows  this  operation,  and  demonstrates  that  it  can  only  reach  the  SOP  between  planeaa'  and  bb'  Those 
in  the  shaded  area  cannot  be  reached. 


Figure  3:  $1-83  projection  plane  of  the  rotating  operation. 


From  Fig.  3,  for  the  stack  structure  of  Fig.  1,  the  only  way  to  ensure  the  capability  that  the  device  can  reach  an  arbitrary 
SOP  IS  to  let  point  2’  on  circle  a  In  other  words,  to  satisfy  Eq.  (5),  so  that  the  S2  of  the  SOP  emerges  from  the  first  cell  is 


Figure.4:  The  measured  relationship  between  the  applied  voltages  and  the  birefringence  of  liquid  crystal  cell.  The  dots  represei 
the  measured  data;  the  solid  line  represents  the  result  from  cubicspline  interpolation.  For  clarity,  only  one  tenth  of  the  measured 
data  are  shown. 
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4.  TRANSFORMATION  FUNCTIONS 

The  problem  of  arbitrary  transformation  ffomS’  to  S“  reduces  to  calculating  the  magnitude  of  the  three  angles  required  to 
rotate  about  HV,  PQ  and  HV  axes.  According  to  equations  (2, 5  and  6),  the  birefringence  of  these  three  cells  are. 

Si  =  Kjl  +  tan”’  ^\ls‘^+mK 
Sj  =  cos”'  Sj  +cos“'  Sf 
Bj  =tan''(s^/S3)+nn: 

The  additional  terms  in  B,  and  Bj  arise  from  the  fact  that  the  period  of  B  is  2ji  while  the  period  of  the  tangent  function  is 
jt,  therefore  additional  information  is  required  in  order  to  determine  the  exact  value  of  B  and  Bj.  such  as  f 

the  Stokes  parameters.  As  a  result,  m  and  n  can  be  determined  as  follows:  m-1  when  S<0,  n-1  when  S2  0,  otherwise, 

m=n=0. 

To  control  the  birefringence,  voltages  were  applied  to  the  cells.  It  is  therefore  necessary  to  accurately  deteimine  the 
relationship  between  the  birefringence  and  the  voltage.  In  our  experiment,  this  relationship  was  measured  using  a  HP8509B 
polarization  analyzer.  These  data  were  interpolated  using  cubicspline  as  shown  in  figure  4.  Any  2)  region  of  this  curve  ca 
be  used  for  determining  the  voltap  to  birefringence  relationship.  The D  to  3D  region  of  the  curve  was  chosen  in  the 
experiment  described  bellow  to  avoid  the  high  non-linear  region. 


5.  EXPERIMENTAL  RESULTS 

The  validity  of  this  analysis  was  tested  experimentally.  In  two  experiments,  an  arbitraiy  initial  SOP  was  tensferred  to 
some  preset  target  SOP.  The  experiments  were  done  using  a  computer  based  automatic  polanzation  controlling  and 
measuring  system.  The  Stokes  parameters  were  measured  using  a  HP8509B  polarization  analyzer 
source  at  l.SDm.  The  applied  voltages  of  different  liquid  crystal  cells  were  controlled  by  a  computer  and  three  HP33120A 
function  generators.  The  liquid  crystal  cells  used  in  the  experiment  were  fabricated  in  our  laboratory. 


Figure  5-  The  experimental  results  of  arbitrary  polarization  transformation.  The  initial  polarization  state  U  arbitraiy  chosen  aSK- 
0.61, 0.1 1,-0.71).  The  final  states  are  chosen  to  be  two  circles:  (a):  S3‘'=0,  (b):  S2'>=0.866.  The  results  are  shown  m  the  S.-Sj  and  the 
S1-S3  planes,  respectively. 

The  initial  state  for  both  experiments  were  arbitrary  chosen  such  that  S' ={-0.61,  0.11,  -0.71).  The  first  experiment  shows 
that  this  initial  SOP  was  transferred  to  SOP  on  the  equatorial  plane  (i.e.  %°=0,  Si°  and  S2  were  continuously  changed),  ^ 
shown  in  figure  5(a).  The  second  experiment  shows  that  the  initial  SOP  was  transferred  to  SOP  on  another  circle  with 
S2‘’=0.866,  while  Si"  and  83°  were  changed  continuously,  as  shown  in  figure  5(b).  In  this  case,  the  radius  of  the  projection 
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SIpJcdvdy  results  are  shown  in  the  ^-Sj  and  the  8,-83  projection  plane, 


Dunng  the  experiment,  the  liquid  crystal  cells  were  quite  stable  if  the  applied  voltages  were  fixed.  The  fluctuations  were 

I  "  ‘'T  fluctuation  was  determined  to  be  the  fluctuation  of  the 

temperature.  No  attempt  was  made  to  correct  the  drift  for  these  experiments  at  room 
temperature,  although  it  can  be  reduced  by  temperature  control  or  applying  feedback  scheme  The  birefringence  of  liquid 
crystal  IS  very  sensitive  to  the  applied  voltage,  and  it  appears  that  the  source  of  any  additional  error  was  a  product  of  setting 
the  suitable  voltages  according  to  the  interpolation  results.  It  is  possible  that  the  resulting  change  can  be  as  large  as  a  few 
Poincare  sphere  for  a  change  of  millivolts  applied  to  the  cell.  The  speed  of  the  transformation  is  essentially 
limited  by  the  electro-optical  response  of  nematic  liquid  crystal  materials,  which  is  typically  in  the  order  of  10msec. 


6.  CONCLUSIONS 

This  paper  has  proposed  using  a  stack  structure  of  nematic  liquid  crystal  cells  as  an  arbitrary  polarization  controller  The 
operating  pnncipies  of  an  arbitraiy  polarization  controller  have  been  addressed  mathematically  by  the  use  of  Stokes 
parameters  and  visually  by  the  use  of  a  Poincare  sphere  representation.  A  computer-based  polarization  controlling  and 
ineasunng  system  has  been  used  to  demonstrate  the  polarization  transformation  from  one  arbitrary  state  to  another  arbitrary 

S  f  birefringence  networks  and  may  be  useful  in  minimizing  or  controlling  the  losses 

and  other  charactenstics  commonly  encountered  with  polarization  dependent  devices  irlightwave  systems. 
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In  this  letter,  we  describe  a  bistable  twisted  nematic  (BTN)  liquid-crystal  device  optimized  for  use 
in  a  fiber  optical  system.  The  device  configuration  is  optimized  so  that  the  states  of  polanzation  for 
the  two  bistable  states  are  linear  and  orthogonal  to  each  other  for  a  linearly  polarized  input  light. 
This  optimization  is  accomplished  by  the  use  of  the  Poincare  sphere  method.  Using  this  meth^,  we 
obtained  the  analytical  forms  of  the  optimization  conditions.  Several  different  opfimized  conditions 
are  obtained.  In  order  to  experimentally  explore  the  use  of  the  BTN  structure  in  optical  latching 
switches,  one  optimized  structure  (11.25°  and  -348.75°  twists,  d^n/k  =  0A96)  is  studied  in  the 
infrared  region  by  the  measurement  of  the  output  state  of  polarization.  The  experimental  results 
agree  well  with  our  theoretical  predictions.  This  study  also  suggests  that  transmissive  BTN  displays 
with  high  contrast  are  possible  by  the  use  of  these  optimized  conditions  with  nonparallel  and 
noncross  piolarizer  configurations.  ©  1999  American  Institute  of  Physics. 
[80003-6951(99)01145-6] 


In  the  past,  a  variety  of  electro-optic  and  mechanical 
devices  have  heen  used  to  make  fiber  optical  switches. 
Liquid-crystal  materials  have  been  used  in  fiber  optical  de¬ 
vices,  but  most  have  been  attempts  to  make  simple  attenua¬ 
tors.  If  the  state  of  polarization  (SOP)  is  used  to  produce 
optical  switching,  then  the  SOP  output  of  the  two  states  has 
to  be  orthogonal.  Although  a  simple  nematic  liquid-crystal 
structure  can  be  used  by  control  of  the  two  voltages  to  pro¬ 
duce  the  two  SOP  states,  the  bistable  twisted  nematic'  (BTN) 
structure  is  preferred  because  of  the  fast  response  and  the 
bistability  that  can  be  used  in  latching  switches.  However, 
for  a  BTN  structure  to  be  used  in  optical  switched,  the  two 
bistable  states  with  orthogonal  SOP  are  required  in  the  ab¬ 
sence  of  the  field;  this  is  discussed  in  great  detail  in  this 

letter.  i 

Since  first  described  by  Berreman  and  Heffner  about 
two  decades  ago,  the  BTN  liquid-crystal  mode  has  been  ex¬ 
tensively  studied  and  increasingly  used  in  liquid-crystal  dis¬ 
plays  (LCDs).  Low  power  consumption  due  to  the  power-off 
memory  makes  the  use  of  the  BTN  structure  very  attractive 
in  a  matrix-addressed  LCD  with  a  large  number  of  elements. 
Recently,  single-polarizer  reflective  BTN  displays  have  been 
proposed,^"*  and  experimentally  demonstrated.^  However, 
utilization  of  the  BTN  structure  in  other  areas  has  been  ne¬ 
glected.  In  this  letter,  we  explore  the  use  of  the  BTN  struc¬ 
ture  in  optical  latching  switches  in  the  infrared  (IR)  region 
by  optimizing  the  output  SOP  of  light. 

For  the  most  part,  the  study  of  BTN  devices  has  been 
limited  to  the  0  and  2n  twists  and  the  cross-polarizer  struc¬ 
ture.  There  have  been  a  few  attempts®  to  obtain  the  optimized 
configuration  for  the  transmissive  BTN  LCD.  However,  in 
these  efforts  optimization  was  not  complete  because  the 
structure  was  optimized  for  a  high  contrast  ratio.  SOP  opti¬ 
mization  was  not  considered.  To  be  used  in  an  optical 
switch,  one  needs  the  two  field-off  bistable  states  to  produce 
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orthogonal  SOP  output.  In  the  following,  we  deduce  the  ex¬ 
act  optimized  configurations  for  the  BTN  optical  switch  us¬ 
ing  the  Poincare  sphere^  (PS)  method  and  experimentally 
confirm  the  performance. 

The  PS  method  has  been  used  to  study  the  optical  prop¬ 
erties  of  a  general  twisted  nematic  structure®’®  and  to  exam¬ 
ine  the  optimization  of  the  reflective  BTN  LCD.®'®  In  this 
letter,  the  PS  method  is  applied  to  obtain  the  optimized  con¬ 
ditions  for  BTN  optical  switches. 

Optimization  requires  that  the  output  SOP  is  both  linear 
and  perpendicular  to  each  other  for  the  two  bistable  states. 
As  shown  in  Fig.  1(a),  we  assume  the  entrance  director  (Cl) 
of  the  BTN  cell  is  at  0°.  The  front  polarizer  (A)  is  at  angle 
0/2  (a  on  the  PS),  while  the  rear  polarizer  is  at  angle  pi2. 
We  note  that  the  angle  between  the  polarizer  and  the  ana¬ 
lyzer  (a -1-/3)  may  not  be  an  integer  multiplier  of  90°,  as  is 
commonly  assumed  for  display  applications.  The  two  twisted 
states  have  uniform  twists  of  tp  and  <p±2tt,  respectively,  so 
flie  rear  director  (C2)  is  at  an  angle  2(p  with  respect  to  Cl  on 
the  PS.  There  are  two  cases®  (A1  and  A2  in  Fig.  1)  when  the 
output  SOP  is  linear.  The  angle  between  these  two  output 
linear  polarized  states  is  2a  on  the  PS  (a  in  the  real  space). 


FIG.  I.  S1-S2  projection  plane  of  the  Poincare  sjAere  for  the  lin^  SOP 
output.  Cl  and  C2  are  the  directions  of  the  entrance  and  rear  directors, 
respectively.  A  is  the  orientation  of  the  front  polarizer.  A 1  and  A 2  are  two 
cases  where  the  output  SOP  is  linear,  (a)  General  case,  (b)  mode  A  in 
Table  I. 
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FIG.  2.  Optimized  conditions  for  a  BTN  optical  switch,  (a)  •  The  <f^twisted 
states  that  satisfy  Eq.  (lb),  □  The  (v  +  2ir)-twisted  states  that  satisfy  Eq. 

(la) ,  and  O  the  (v-2'ir).twisted  states  that  satisfy  Eq.  (la),  (b)  •  The 
ip-twisted  states  that  satisfy  Eq.  (la),  □  the  ( y>+ 2 ir) -twisted  states  that 
satisfy  Eq.  (lb),  and  O  the  (v-2ir)-twisted  states  that  satisfy  Eq.  (lb).  A 
and  V  The  optimized  conditions;  the  twisted  angles  for  the  other  states  are 
ip-2irand  tp+lv,  respectively.  For  clarity,  only  one  tenth  of  the  calcu¬ 
lated  data  are  shown. 

As  illustrated  in  Fig.  1(b),  the  orthogonality  of  these  two 
output  linear  SOP  requires  that  a=  ±7r/2.  Therefore  the  in¬ 
cident  light  should  be  linearly  pxilarized  at  ±45°  with  respect 
to  the  entrance  director.  According  to  the  results  of  our  pre¬ 
vious  work,"*  the  conditions  for  orthogonal  linear  SOP  output 
can  be  expressed  as  follows: 

\J{‘jrdAn/X.)^  +  (p^  =  mTr,  (la) 

or 

\J{'irdAn/k)^  +  cp^  =  rmT±  ttH,  (Ib) 

where  \  is  the  wavelength,  dAn  is  the  birefringence,  and  m 
is  a  positive  integer. 

The  optimized  configurations  can  be  obtained  by  letting 
the  (p-twist  state  satisfy  one  of  these  conditions  [Eq.  (la)  or 

(lb) ]  and  the  ((p±27r)-twist  state  satisfy  the  other.  For  the 
case  of  the  twisted  angle  tp  in  the  0-2 tt  range,  the  results  are 
shown  in  Fig.  2  and  summarized  in  Table  I.  Each  mode  listed 
in  Table  I  gives  a  set  of  twisted  angles  and  birefringence  that 
can  yield  the  orthogonal  linear  SOP  output  for  a  specific 
wavelength  if  the  incident  light  is  linearly  polarized  at  ±45°. 

In  order  to  complete  the  optical  switching,  the  rear  polarizer 
should  be  oriented  along  one  of  the  output  linear  polarization 
directions,  i.e.,  /8=  ±45°  +  (p.  According  to  Eq.  (1),  if  tp  and 
(p—2iT  satisfy  Eq.  (1),  then  2tt—(p  and  —ip  also  satisfy  Eq. 
(1)  with  the  same  This  is  the  reason  for  several  pairs 

in  Table  I  that  have  the  same  dA.n/k  but  opposite  twisted 
angles.  For  <p  and  (p+2'7t  type  solutions,  the  twisted  angles 
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TABLE  1.  Optimized  configurations  for  the  BTN  optical  switches. 


Mode 

Twisted  angle  (deg) 

dAn/k 

(nm) 

1st  state 

2nd  state 

A 

11.25 

-348.75 

0.496 

B 

348.75 

-11.25 

0.496 

c 

123.75 

-236.25 

0.726 

D 

236.25 

-123.75 

0.726 

E 

56.25 

416.25 

0.95 

F 

123.75 

483.75 

1.333 

G 

101.25 

-258.75 

1.39 

H 

258.75 

-101.25 

1.39 

1 

191.25 

551.25 

1.694 

J 

78.75 

-281.25 

1.952 

K 

281.25 

-78.75 

1.952 

L 

258.75 

618.75 

2.045 

M 

326.25 

686.25 

2.39 

N 

56.25 

-303.75 

2.48 

0 

303.75 

-56.25 

2.48 

for  their  corresponding  pairs  with  the  same  dAn/k  (-277 
-  <p  and  -  9  twisted  states)  are  all  negative  and  outside  the 
0-277  range  and,  therefore,  not  listed  in  Table  I. 

As  stated  above,  we  intend  to  explore  the  application  of 
the  BTN  structure  as  optical  switches  in  the  IR  region  at 
1550  nm  wavelength.  The  operation  mode  we  chose  is  mode 
A  in  Table  I,  because  of  its  small  dAn,  hence  it  has  a  small 
wavelength  dependence  and  a  fast  switching  speed.  In  order 
to  have  a  better  understanding  of  this  operation  mode,  the 
SOP  evolution  for  these  two  bistable  states  was  calculated 
numerically.  The  calculation  principle  was  described  in  our 
previous  work.^’  The  results  are  shown  in  Fig.  3.  As  dis¬ 
cussed  above,  the  entrance  director  is  along  the  5;  axis  (0°), 
while  the  front  polarizer  is  along  the  S2  axis  (45°  in  real 
space).  For  the  1 1 .25°-twisted  state,  because  of  the  low  twist 
angle,  the  liquid-crystal  cell  behaves  like  a  linear  birefrin¬ 
gence  plate,  which  effectively  rotates  the  SOP  from  the  ini¬ 
tial  point  (5|  =  0,  ^2=1,  53  =  0)  to  Al.  For  the  -348.75°- 
twisted  state,  the  high  twisted  medium  behaves  like  an 
isotropic  medium  and  the  SOP  is  confined  to  a  small  region 
on  the  PS.  Al  and  A2  are  both  on  the  equator,  so  they  are 
linearly  polarized  states.  The  Stokes  parameters^  of  these  two 
states  can  be  easily  calculated  from  Fig.  1(b)  or  3:  for  Al, 
Si= -0.383,  S2= -0.924,  and  S3  =  0;  for  A2,  5,  =  0.383, 
■5'2~  0.924,  and  ^3  =  0.  The  line  connecting  these  two  linear 
states  passes  through  the  center  of  the  PS; 


FIG.  3.  SOP  evolution  for  the  two  bistable  states  of  mode  A  in  Table  I.  The 
two  output  SOPs  (A  1  and  A2)  are  linear  and  orthogonal  to  each  other. 
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Time  (s) 

HG.  4.  Driving  wave  form  of  the  BTN  operation  (upper  part)  and  the 
measured  Stokes  parameters  for  the  emergent  light  field  (lower  part). 

this  indicates  that  these  two  states  are  also  orthogonal 
states.  Thus,  if  the  rear  polarizer  is  oriented  along 
A1  (y3=- 33.75°)  or  A2  03=56.25°),  the  optical  switch 
can  be  turned  on  and  off  by  switching  between  these  two 
bistable  states. 

It  is  worth  noting  that  in  the  optimized  structure,  when 
used  with  polarizers,  the  polarizer’s  configuration  is  neither 
parallel  nor  crossed.  All  the  previous  studies  of  the  BTN 
transmissive  mode  have  assumed  a  parallel-polarizer  or  a 
cross-polarizer  configuration.  Our  results  show  that  for  a 
parallel-  or  cross-polarizer  configuration,  the  SOP  may  be 
optimized  for  one  state,  but  the  other  state  cannot  be  simul¬ 
taneously  optimized.  In  order  to  allow  complete  extinction 
and  complete  transmission,  the  two  polarizers  have  to  be 
arranged  at  specific  angles,  which  are  neither  parallel  nor 
perpendicular.  As  for  mode  A,  the  angle  should  be  11.25°  or 
-78.75°  between  the  front  and  rear  polarizer  to  complete  the 
BTN  transmissive  display  or  switch. 

The  validity  of  the  above  analysis  was  tested  experimen¬ 
tally  by  measuring  the  output  SOP  for  a  BTN  operated  in 
mode  A.  The  BTN  cell  was  made  using  indium-tin  oxide 
(ITO)  glass  substrates  coated  with  polyimide  (PI)  PI-2555 
(Dupont  Co.)  to  promote  planar  alignment.  The  upper  and 
lower  PI  layers  were  rubbed  at  angles  of  0°  and  11.25°, 
respectively,  to  produce  stable  1 1.25°-twisted  and  —348.75 
twisted  states.  The  liquid-crystal  material  we  used  was  ZLI- 
2293  from  E.  Merck.  The  optical  anisotropy  An  is  about 
0.117  at  1550  ran.  The  chiral  dopant  (S-811  from  E.  Merck) 
was  added  to  the  liquid  crystal,  and  the  doping  concentration 
was  adjusted  to  give  ad/p  of  around  —0.56  (left  handed). 
The  cell  gap,  about  6.6  pm,  was  maintained  by  glass  spacers. 
The  experiments  were  conducted  with  an  automatic  polariza¬ 
tion  control  and  measurement  system.  The  Stokes  parameters 
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of  the  emergent  light  field  were  measured  with  a  Hewlett- 
Packard  HP8509B  polarization  analyzer  using  the  internal 
laser  source  at  1550  nm.  A  linear  polarizer  oriented  at  45° 
was  placed  in  front  of  the  BTN  cell,  and  the  entrance  director 
of  the  BTN  cell  was  oriented  at  0°.  The  SOP  of  the  light  that 
emerged  from  the  BTN  cell  was  measured  by  the  polariza¬ 
tion  analyzer  and  captured  by  a  Tektronix  TDS460A  oscil¬ 
loscope.  The  driving  signal  is  shown  in  Fig.  4.  The  width  of 
the  reset  and  the  selection  signal  are  20  and  40  ms,  respec¬ 
tively.  Tlie  magnitude  of  the  reset  voltage  was  fixed  at  40  V. 
The  selection  voltages  are  4  V  for  the  11.25°-twisted  state 
and  0  V  for  the  -348.75°-twisted  state.  The  dynamics  of  a 
similar  switching  process  has  been  studied  by  other  groups. 

The  SOP  measurement  results  are  also  shown  in  Fig.  4.  The 
SOP  after  the  reset  pulse  is  at  Si  =  0, 52~  (indicated 

by  arrows  in  Fig.  4),  which  is  the  same  as  the  incident  SOP 
because  the  incident  light  is  linearly  polarized  at  45°.  This  is 
because  the  high  reset  voltage  drove  the  liquid-crystal  direc¬ 
tor  to  the  homeotropic  configuration,  thus  the  SOP  remains 
unchanged  as  it  passes  through  the  cell.  After  the  selection 
pulse,  there  are  two  distinct  bistable  states:  the  11.25°- 
twisted  state,  which  produced  the  SOP  output  A1  (see  Figs.  1 
and  2)  and  the  -348.75°-twisted  state,  which  produced  the 
SOP  output  A2  (see  Figs.  1  and  2).  The  average  Stokes 
parameters  for  A1  are  Si  =  ~ 0.39,  S2=“0.92,  and 
S3  =  -0.03,  while  the  average  Stokes  parameters  for  A2  are 
S|  =  0.39,  S2=0.92,  and  S3  =  0.03.  These  two  SOPs  are  the 
same  as  those  predicated  by  theory  [see  Fig.  1(b)].  The  ex¬ 
tinction  ratio  was  better  than  33  dB  if  the  rear  polarizer  is 
placed  at  —33.75°  or  56.25°. 

In  conclusion,  we  have  used  the  PS  method  to  obtain 
optimized  configurations  for  the  BTN  optical  switch.  Our 
results  indicate  that  the  widely  used  0-27r-twisted  and  cross- 
polarizer  configuration  is  not  an  optimal  configuration  (for 
BTN  operation  as  optical  switches).  The  analytical  forms  of 
the  optimization  conditions  are  given,  and  the  specific  con¬ 
ditions  are  obtained.  The  measurement  of  the  output  SOP  in 
the  IR  region  is  used  to  study  one  of  the  optimized  geom¬ 
etries.  The  experimental  results  agree  well  with  the  theoret¬ 
ical  preditions.  These  results  can  be  easily  extended  to  the 
transmissive  BTN  LCDs. 
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We  investigate  the  behavior  of  cholesteric  liquid  crystals  (CLC’s)  inside  a  Fabry-Perot  (FP)  cavity.  Although 
with  various  liquid  crystals  have  been  extensively  studied,  to  our  knowledge  the  behavior 
of  CLC-based  FP  cavities  has  not  been  reported.  In  CLC  the  twisted  structure  can  be  changed  because  the 
pitch  IS  a  function  of  temperature.  In  a  parallel-rubbed  CLC  FP  cavity  the  balance  between  strong  surface 
anchoring  ^d  elastic  energy  yield  a  steplike  resonance  spectrum.  This  corresponds  to  the  quantized  effective 
piteh  that  the  system  assumes  when  both  surface  alignments  are  fixed.  Experiment  results  for  parallel- 
rubb^  apples  are  presented  and  explained  theoretically  by  use  of  Jones  matrix  calculations.  ©  1999  Optical 
bociety  of  America 
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The  Fabry-Perot  (FP)  interferometer'  is  a  powerful 
yet  versatile  spectroscopic  tool.  It  consists  of  two  par¬ 
allel,  flat,  and  partially  transparent  mirrors  that  are 
separated  by  a  small  distance.  Conceptually,  the  FP 
interferometer  is  a  very  simple  structure,  and,  in  prin¬ 
ciple,  it  is  a  lossless  device  when  it  is  on  resonance.  FP 
cavities  filled  with  liquid-crystal  (LC)  materials  have 
enormous  potential  to  be  used  as  wavelength-tuning 
devices  in  wavelength-division  multiplexing  systems. 
These  devices  offer  low  driving  voltages,  compact  and 
easy  fabrication,  and  relatively  wide  tuning  ranges. 
Various  kinds  of  LC  materials,  such  as  nematic  LC’s^’® 
and  ferroelectric  LC’s,^  have  been  used  in  FP  cavities. 
Each  application  has  interesting  and  unique  proper¬ 
ties.  However,  to  our  knowledge  there  has  been  no 
study  of  the  behavior  of  cholesteric  liquid  crystal  (CLC) 
inside  a  FP  cavity. 

For  a  long  time  the  CLC  has  been  used  as  a  ma¬ 
terial  that  is  capable  of  producing  selective  Bragg 
diffraction  effects.®  Periodic  helical  arrangement  of 
the  molecules  in  the  CLC  leads  to  a  variety  of  unique 
properties  that  can  be  used  in  various  applications, 
such  as  a  color  filter,®  a  broadband  polarizer,^  a 
polarized  light  source,®  a  bistable  display,®  and  a  grat¬ 
ing.'"  In  this  Letter  we  provide  a  detailed  study  of  the 
behavior  of  CLC  inside  a  FP  cavity  as  its  helical  pitch 
changes  with  temperature.  Experimental  results 
are  presented  and  explained  by  use  of  Jones  matrix 
calculations. 

For  a  twisted  nematic  LC  structure  the  twisted  direc¬ 
tor  profile  is  a  product  of  the  surface-anchoring  effect. 
The  pitch  of  the  twisted  structure  is  determined  by  the 
surface-rubbing  direction  and  the  thickness  of  the  cell. 
For  CLC  the  material  has  a  natural  pitch  that  is  de¬ 
termined  by  the  temperature  of  the  material.  When 
the  CLC  molecules  at  the  surfaces  are  in  the  plane  of 
the  surface,  the  planar  structure  of  the  CLC  is  well  de¬ 
fined,  at  least  in  principle.  If  we  consider  the  surface 
to  be  parallel  to  the  x-y  plane,  then  the  director  can  be 
represented  by  (sm  kz,  cos  kz,  0),  where  k  =  27r/p  and 
p  is  the  helical  pitch.  The  director  is  rotated  linearly 
along  the  z  axis  by  an  angle  kd  from  one  surface  to 
the  other,  where  d  is  the  thickness  of  the  sample.  In 

0146-9692/99/231759-03$15.00/0 


general,  k  is  temperature  dependent.  However,  if  the 
CLC  is  confined  to  a  cell  with  fixed  boundary  condi¬ 
tions  such  that  the  directors  at  both  surfaces  are  forced 
to  lie  along  a  fixed  direction,  then  the  total  amount  of 
twist  from  one  surface  to  the  other  is  no  longer  kd  but 
rather  k'd,  where  k'  satisfies  the  relation  k'd  =  mir. 
The  integer  m  is  chosen  so  that  k  and  k'  differ  as  little 
as  possible.  Although  ^  is  a  continuous  function  of 
temperature,  k'  is  quantized.  That  this  is  so  suggests 
that  a  CLC  FP  cavity  subjected  to  temperature  changes 
would  produce  cavity-resonance  spectra  that  vary  in 
steplike  fashion. 

To  demonstrate  the  above  considerations  we  used  a 
material  that  is  readily  available  from  Aldrich  Chemi¬ 
cal  Company  and  shows  a  rapid  change  in  helical  pitch 
with  temperature:  4-[(S,  S)-2,3-expoxyhexyloxy] 
phenyl4-(decyloxy)benzoate.  Figure  1  shows  the  pitch 
of  this  material  as  a  function  of  the  temperature.  The 
measuring  technique  was  described  in  Ref.  11.  The 
natural  pitch  of  the  materials  is  shown  by  the  dashed 
curves  in  Fig.  1.  In  addition  to  the  change  of  the 
helical  structure,  there  exists  a  critical  temperature 


Fig.  1.  Pitch  of  4-[(S,  S)-2,3-expoxyhexyloxy]  phenyl4- 
(decyloxy)benzoate  as  a  function  of  temperature.  Dashed 
curves,  natural  pitch  of  the  material.  Solid  curves,  effec¬ 
tive  pitch. 
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(Tc  “  81  °C)  at  which  the  helical  pitch  becomes  infinite 
and  the  twisting  sense  of  the  helix  is  opposite  on 
either  side  of  Tc.  In  our  experiments  the  cell  surfaces 
are  parallel  rubbed.  Because  of  the  strong  surface¬ 
anchoring  effect,  the  total  twisted  angle  can  take  only 
integer  numbers  of  tt,  i.e.,  =  m'lr,  where  m  is  an 

integer.  This  discrete  twisted  angle  makes  the  effec¬ 
tive  pitch  quantized  (P  =  d2ir /<^  =  2d/m),  although 
the  natural  pitch  can  change  continuously.  A  simple 
model  is  to  assume  that  the  effective  pitch  takes  the 
quantized  value  2d/m  when  the  natural  twisted  angle 
falls  in  the  range  (m  -  112)1:  ~  (m  -l-  1/2)^-  The 
quantized  effective  pitch  is  also  shown  in  Fig.  1  by 
steplike  solid  curves. 

The  FP  cavities  were  fabricated  by  use  of  two  m- 
dium  tin  oxide— coated  glass  plates.  The  glass  plates 
were  first  coated  with  dielectric  mirrors  with  reflec¬ 
tivity  of  -98%  in  the  1400-  1600-nm  region.  We  then 
coated  them  with  a  thin  layer  of  polybutylene  tere- 
pthallate  and  unidirectionally  rubbed  them  to  define 
the  direction  of  the  directors  at  the  surfaces.  The 
glass  plates  were  then  cut  into  two  pieces  and  assem¬ 
bled  into  a  10-/im-thick  cell  by  use  of  glass  fiber  spacers 
and  ultraviolet-curable  epo^.  The  CLC  material  was 
inserted  into  the  cell  in  its  isotropic  phase  by  capillary 

action.  .n  Tin 

The  transmission  spectrum  of  the  CLC  FP  cavity 

was  obtained  as  a  function  of  temperature  by  use  of  a 
temperature  controller  with  an  accuracy  of  less  than 
0.1  °C  and  an  optical  spectrum  analyzer.  The  light 
source  was  a  1.5-/[im  light-emitting  diode,  wWch  we 
used  in  conjunction  vnth  a  multimode  optical  fiber  and 
graded-index  rod  lenses  to  couple  the  light  into  and  out 
of  the  FP  cavity.  In  this  setup  we  made  no  effort  to 
minimize  the  coupling  losses. 

The  results  of  the  measurements  are  shown  in  Fig.  2, 
which  shows  the  transmission  spectra  as  a  function 
of  temperature  for  unpolarized  light  [Fig.  2(a)]  and 
light  linearly  polarized  parallel  to  the  rubbing  direc¬ 
tion  [Fig.  2(b)].  The  transmittance  of  the  spectrum 
is  shown  in  arbitrary  units.  One  interesting  obser¬ 
vation  is  that  the  impolarized  spectrum  looks  sym¬ 
metric  about  Tc.  This  means  that  at  Tc  the  material 
is  in  the  nematic  phase.  The  material  behaves  as  a 
nninYial  material,  with  its  principal  optical  axes  par¬ 
allel  and  perpendicular  to  the  directors.  This  finding 
can  be  verified  by  comparison  of  the  unpolarized  spec¬ 
trum  with  the  polarized  spectrum.  In  the  polarized 
spectrum  one  of  the  transmission  peaks,  corresponding 
to  the  mode  that  is  perpendicular  to  the  polarizer  axis, 
is  completely  missing  at  Tc .  Therefore  the  eigenmodes 
in  the  cavity  at  Tc  are  linearly  polarized.  Increasing 
or  decreasing  the  temperature  about  Tc  causes  the  po¬ 
larization  states  of  the  eigenmodes  within  the  cavity 
to  change  to  eUiptically  polarized  states.  This  mode 
mixing  is  clearly  shown  in  the  polarized  spectrum. 
Furthermore,  the  spectra  change  in  a  steplike  fashion 
that  is  represented  by  similar  transmission  spectra  in 
a  small  temperature  region.  This  result  is  expected 
because,  as  indicated  above,  the  sample  can  support 
only  integral  numbers  of  helical  turns.  Therefore  the 
effective  pitch  of  the  material  is  quantized,  as  shown  in 

Fig.  1.  When  the  temperature  is  far  away  from  Tc,  the 


total  twisted  angle  increases,  and  the  material  behaves 
as  an  isotropic  medium  with  the  average  refractive  in¬ 
dex.  As  illustrated  in  Fig.  2,  the  resonance  spectra 
thus  become  polarization  independent. 

The  above  results  can  be  explained  by  use  of  Jones 
matrix  calculations.  For  a  single  pass  the  Jones  ma¬ 
trix  of  a  twisted  planar  structure  can  be  represented  as 
follows^*®: 


J  =  exp(-i<l>/2)fi(<^) 


>  (1) 


where  <I>  =  ko(ne  +  no)d,  F  —  ko(ne  no)d,  x 
(r/2)^F^,  ko  =  27r/A  is  the  wave  vector,  A  is  the  wave¬ 
length,  d  is  the  cell  thickness,  and  is  the  twisted 
angle.  For  a  round  trip  the  Jones  matrix  is'® 

K  ih 

M  =  ‘  JJ  =  exp(-i<I>)  ’ 
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Suppose  that  the  incident  light  field  is  E,  and  the  re¬ 
flectance  and  transmittance  of  the  dielectric  mirror  are 
r  and  t,  respectively.  The  transmission  of  a  CLC  FP 
cavity  can  be  calculated  as  follows: 


Wavelength  (pm) 

(b) 

Pig.  2.  Experimental  results  of  the  resonance  spectra  as 
a  function  of  temperature:  (a)  unpolarized  light,  (b)  light 
that  is  linearly  polarized  parallel  to  the  rubbing  direction. 


77 


December  1,  1999  /  Vol.  24,  No.  23  /  OPTICS  LETTERS 


Wavelength  (urn) 

(b) 

Fig.  3.  Theoretically  calculated  results  of  the  resonance 
spectra  as  a  function  of  temperature:  (a)  unpolarized 
^sbt,  (b)  light  that  is  linearly  polarized  parallel  to  the 
rubbing  direction. 


lEoP  =  +  r'^M  +  +  .,.)•  E.f 
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where  Ci  are  the  eignvectors  of  the  matrix  M  and 
exp(i>*)  are  the  corresponding  eigenvalues.  Each 
term  in  Eq.  (3)  represents  the  transmission  of  one 
eigenmode.  From  Eq.  (2),  the  eigenvalues  of  matrix 
M  can  be  calculated  as 


<c>±  =  d>  ±  2  sin  * 


/  Ankpd 

V  2x 


(4) 


The  two  corresponding  eigenvectors  can  also  be  cal¬ 
culated  directly  or  by  the  use  of  the  coupled-mode 
theory*'*: 

e±  = 

_  2x  ~  r  ^  _ _ cos;t- _ 

2<A  ’  ^  ~  [(2<^/r)2  -1  cos2,^]i«  ■  ® 


By  substitution  of  Eqs.  (4)  and  (5)  into  Eq.  (3),  the 
transmission  spectra  for  unpolarized  light  [Fig.  3(a)] 
and  light  that  is  linearly  polarized  parallel  to  the 
rubbing  direction  [Fig.  3(  b)]  can  be  calculated.  By  use 
of  the  effective  pitch  as  shown  in  Fig.  1,  we  find  that 
the  calculated  resonance  spectra  also  show  the  steplike 
behaviors  that  were  found  in  the  experimental  results. 
Figures  2  and  3  clearly  show  that  the  steplike  behavior 
of  the  resonance  spectrum  is  due  to  the  quantization  of 
the  effective  helical  pitch  of  the  CLC  materials  when 
the  temperature  changes.  The  parameters  that  we 
used  in  the  calculation  are  r  =  0.09,  rie  =  1.53,  rio  = 
1.43,  and  d  =  10  fim,  which  is  consistent  with  the 
experimental  parameters. 

In  conclusion,  the  behaviors  of  CLC  inside  a  FP 
cavity  as  a  function  of  temperature  have  been  studied 
both  experimentally  and  theoretically.  The  steplike 
resonance  spectra  have  been  observed  experimentally 
and  explained  by  use  of  Jones  matrix  calculations. 
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Efves  Se  However,  by  the  use  of  the  4  X  4-matrix  method  .nterestmg  features  ^ 

reveled  in  the  resonance  spectra.  The  resonance  spectra  split  when  A  ~  nP. 

this  phenomenon.  The  experimental  results  show  that  the  splitting  occurs  in  a  steplike  fashion.  This  can 
S  expSS  Sy  the  quantization  of  the  pitch  that  occurs  due  to  the  fixed  boundary  conditions. 


PACS  numbers;  42.70.Df,  42.25.Bs,  42.79.Ci 

It  is  well  known  that  a  highly  twisted  cholesteric  liquid- 
crystal  (CLC)  medium  behaves  just  like  an  isotropic  me¬ 
dium  that  has  an  average  refractive  index  of  the  anisotropic 
material.  Therefore,  for  a  CLC  medium  inside  a  Fabry- 
Perot  (FP)  etalon,  if  the  pitch  is  much  larger  compared  to 
the  wavelength,  one  expects  to  have  two  sets  of  resonance 
peaks,  for  the  two  refractive  indices  and  n„,  respec¬ 
tively.'  As  the  pitch  of  the  medium  gets  shorter,  the  two  sets 
of  peaks  converge  into  one  set,  which  corresponds  to  the 
average  refractive  index.  However,  if  the  CLC  medium  is 
inside  its  Bragg  reflection  band,  due  to  the  selective  Bragg 
reflection,  one  expects  that  new  featiires  will  appear  in  the 
resonance  spectrum.  This  is  the  main  topic  of  this  Letter. 

The  CLC  mat<*Hals  are  chiral  nematic  materials,  which 
have  helical  structure  results  from  the  uniformly  fisted 
director.  The  physical  properties  of  the  CLC  materials  are 
similar  to  those  of  the  nematics;  the  only  exception  is  diat 
it  has  a  helical  director  profile  with  a  finite  pitch  that  is  a 
function  of  the  temperature.  Since  the  optical  property  is 
integrally  related  to  the  director  profile,  the  helical  arrange¬ 
ment  of  the  directors  in  the  CLC  materials  introduces  new 
optical  properties,  particularly  with  respect  to  the  propa¬ 
gation  and  reflection  of  light.  For  example,  the  selective 
Bragg  reflection  of  a  circularly  polarized  light  having  the 
same  sense  of  twist  as  that  of  the  CLC  medium  is  ob¬ 
served  in  these  materials.  This  reflection  is  center^  at  the 
wavelength  Aq  =  nP,  where  P  is  the  pitch  and  n  is  the 
mean  refractive  index  of  the  medium.  These  optical  prop¬ 
erties  can  be  worked  out  by  the  use  of  the  widely  accepted 
spirally  dielectric  ellipsoid  model  proposed  by  Oseen  [1]. 
In  the  work  on  optics  in  stratified  and  anisotropic  media, 
Berreman  [2]  proposed  the  4  X  4-matrix  method  as  a  pow¬ 
erful  numerical  technique  to  handle  complicated  reflection 
and  transmission  problems.  This  method  was  further  modi¬ 
fied  by  Abdulhalim  et  al.  [3]  and  Wfihler  et  al.  [4];  both 
permit  the  replacement  of  the  infinite  series  expansion  of 
Ref.  [2]  by  a  sum  of  four  terms  for  a  homogeneous  slab. 
In  calculating  the  optical  properties  of  CLC  materials,  be¬ 
cause  the  directors  lay  in  a  plane  that  is  perpendicular  to 
the  light  path,  the  transfer  matrix  has  been  worked  out 
in  a  simple  form  in  Ref.  [4].  Therefore,  Wohler’s  faster 
4  X  4-matrix  method  was  used  in  this  Letter. 


Liquid-crystal  (LC)  materials  have  been  frequently  used 
inside  FP  etalons  because  of  their  unique  electro-optical 
properties.  LC  FP  offers  low  driving  voltages,  compact 
and  easy  fabrication,  and  relatively  wide  tuning  ranges. 
Nematic  LC  [5,6]  and  the  ferroelectric  LC  [7]  filled  FP 
etalons  have  been  reported  and  showed  interesting  and 
unique  properties.  However,  the  study  of  the  behavior  of 
the  CLC  FP  has  been  limited.  There  have  been  studies  of 
an  optically  active  FP  etalon  [8,9]  filled  with  an  isotropic, 
optically  active  medium.  In  a  recent  work  [10],  we  smd- 
ied  both  experimentally  and  theoretically  the  behavior  of 
a  CLC  FP  etalon  in  the  long  pitch  range  when  the  CLC 
medium  is  outside  the  Bragg  reflection  band.  In  our  study, 
the  CLC  FP  showed  steplike  resonance  spectra  because 
of  the  fixed  boundary  conditions.  These  resonance  peaks 
quickly  converged  into  a  single  set  of  degenerate  peaks  as 
the  twisted  angle  increased.  In  this  Letter,  we  investigate 
the  behavior  of  the  CLC  FP  in  the  spectral  range  of  the 
Bragg  reflection  band.  ,  . 

The  optical  properties  of  the  long  pitch  CLC  FP  are  simi¬ 
lar  to  those  of  the  twisted  nematic  LC  FP.  The  resonance 
spectra  can  be  easily  calculated  by  the  use  of  the  Jones 
matrix.  The  details  of  this  calculation  method  have  been 
described  in  our  previous  work  [10].  The  two  sets  of  reso¬ 
nance  peaks  correspond  to  the  two  refractive  indices  con¬ 
verged  into  one  set  as  the  twisted  angle  increased,  and  no 
new  feature  could  be  found  when  A  ~  Pn-  This  is  not  sur¬ 
prising  because  the  Jones  matrix  calculation  completely 
omits  the  multiple  reflections  inside  the  CLC  medium; 
thus,  no  information  related  to  the  selective  Bragg  reflec¬ 
tion  can  be  obtained  by  the  use  of  the  Jones  2  X  2-matrix 
calculation. 

In  order  to  consider  the  selective  Bragg  reflection  of 
the  CLC  medium,  the  4  X  4-matrix  calculation  was  per¬ 
formed.  In  doing  so,  we  assumed  that  the  entrance  director 
was  along  the  x  direction  and  the  linearly  polarized  light 
was  polarized  along  the  y  direction.  We  also  assumed  that 
the  CLC  medium  was  in  the  so-called  planar  state,  which 
means  that  the  helical  axis  was  perpendicular  to  the  cell 
surface.  From  the  Maxwell’s  equations,  the  following  set 
of  four  linear  differential  equations  for  the  tangential  com¬ 
ponents  of  the  electromagnetic  field  can  be  derived  [2]: 
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dip/dz  =  ~iko^t//,  (1) 

<P  =  (2) 

where  =  w/c,  w  is  the  angular  velocity,  and  c  is  the 
velocity  of  light  in  vacuum.  The  matrix  A  depends  on  the 
dielectric  constants,  the  wave  vector,  and  the  orientation  of 
the  optic  axis.  One  can  relate  the  electromagnetic  field  at 
Z  0  to  the  Held  3.t  z  =  d  by  dividing  the  CLC  medium 
into  N  layers,  where  each  layer  has  a  thickness  a: 

ip{0)  =  Mi//{d) 

MiO,a)M{a,2a),...,MiiN  -  l)a,Na)ip(d) . 

(3) 

In  our  calculation,  /V  =  500  is  used.  Other  values  of  N 
yield  the  same  results  if  N  is  chosen  in  such  a  way  that 
there  are  more  than  ten  layers  per  pitch  [4].  M  is  the 
transfer  matrix.  For  CLC  FP,  because  the  CLC  medium 
is  in  the  planar  state,  the  matrix  M  can  be  written  out 
explicitly  [4]. 

To  apply  this  4  X  4-matrix  method  in  the  FP  transmis¬ 
sion  calculation,  the  'P  vector  defined  in  Eq.  (2)  is  not  suit¬ 
able  because  it  is  not  directly  related  to  the  transmission 
and  reflection.  It  is  usually  convenient  to  work  with  other 
bases,  such  as  the  ordinary  and  the  extraordinary  waves 
that  propagate  forward  and  backward  in  the  medium.  The 
transformation  between  these  two  bases  can  be  done  by 


fined  as 


0(p)  = 


/  cosp 
rif  cosp 
sinp 

y  rie  sin/3 


(4) 


Therefore,  as  shown  in  Fig.  1,  we  can  rewrite  Eq.  (3)  as 


//•,£■'  +  tiEi\ 
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where  E‘  and  E”  are  the  incident  and  the  emergent  light 
fields,  respectively,  ri  2  and  /|  2  are  the  reflectance  and 
transmittance  of  the  two  mirrors,  respectively,  E'  repre¬ 
sents  the  reflective  wave  that  travels  backward  inside  the 
medium  (see  Fig.  1),  and  matrix  M  is  defined  in  Eq.  (3). 
By  eliminating  E'  in  the  above  equation,  E°  can  be  solved. 
The  parameters  used  in  the  calculation  were  tie  =  1 .655, 
n„  1 .565,  d  =  2  p,Tn,  and  r  =  95%,  where  d  is  the 
thickness  of  the  cell  and  r  is  the  reflectivity  of  the  mir¬ 
rors.  We  omitted  the  chromatic  dispersion  of  the  refractive 
index  and  the  variation  of  the  refractive  index  due  to  the 
temperature.  The  calculated  resonance  spectra  by  the  use 
of  the  4  X  4-matrix  method  are  shown  in  Fig.  2.  If  the 
CLC  medium  is  outside  the  reflection  band,  the  resonance 
spectra  are  the  same  as  the  results  obtained  by  the  use  of 
the  Jones  matrix  calculation  [10];  thus  Fig.  2  shows  only 
the  results  in  the  range  of  A  ~  Pn  for  (a)  unpolarized  and 
(b)  linearly  polarized  incident  light.  As  Fig.  2  illustrates, 
inside  the  Bragg  reflection  band,  the  resonance  spectrum 
of  the  CLC  FP  splits. 

To  verify  these  results  experimentally,  we  used  a  mate¬ 
rial  (TM216  from  British  Drug  House)  that  shows  a  rapid 
change  in  its  helical  pitch  in  the  visible  range  at  room 
temperature.  The  FP  cavity  was  fabricated  by  the  use  of 
two  indium-tin-oxide  coated  glass  plates.  First,  the  glass 
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FIG.  1.  Electromagnetic  wave  inside  the  CLC  FP. 
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FIG.  2.  The  4  X  4-matrix  calculation  for  a  2  pm  CLC  FP. 
The  incident  light  is  (a)  nonpolarized  and  (b)  linearly  polarized. 
The  resonance  spectra  splits  when  A  ~  Pn,  where  n  =  1.61. 
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plates  were  custom  coated  with  thin  films  of  the  dielec¬ 
tric  mirrors  with  a  reflectivity  of  90%  to  95%  in  the  550 
to  700  nm  range.  Then  the  glass  plates  were  coated  with 
a  thin  layer  of  Polybutylene-terepthallate  as  an  alignment 
layer  and  unidirectional  rubbed  to  define  the  direction  of 
the  directors  at  the  surfaces.  The  glass  plates  were  then  cut 
into  two  pieces.  Glass  fiber  spacers  and  ultraviolet  curable 
epoxy  were  used  to  assemble  the  glass  plates  into  a  2  /xm 
thick  cell.  The  CLC  material  was  inserted  into  the  cell  in 
its  isotropic  phase  by  the  capillary  action.  Light  from  a 
visible  to  near  infrared  fiber  light  source  (300- 1000  nm) 
was  coupled  into  the  FP  cavity  by  the  fiber-collimating 
lens  and  then  it  was  coupled  into  the  detector  of  a  spec¬ 
trometer.  The  transmission  spectra  of  the  CLC  FP  cavity 
were  obtained  as  a  function  of  temperature  by  the  use  of  a 
temperature  controller  (Mettler  hot  stage)  whose  accuracy 
is  better  than  0.1  °C  and  an  optical  spectrometer.  The  rate 
of  temperature  change  was  set  to  be  linear  and  was  0.1  °C 
per  minute.  The  spectra  were  taken  approximately  every 
0.08  °C.  With  a  scan  time  of  about  50  msec,  the  tempera¬ 
ture  variation  during  the  scan  time  was  negligible;  there¬ 
fore,  the  temperature  can  be  assumed  to  be  fixed  during 
the  time  that  the  scan  was  taken.  This  slow  rate  also  mini¬ 
mizes  the  multidomain  problem  associated  with  the  pitch 
change.  To  limit  the  multidomain  problem,  a  pinhole  was 
put  in  front  of  the  CLC  FP  to  reduce  the  beam  size. 

The  experimental  results  are  shown  in  Fig.  3  for  (a)  un¬ 
polarized  and  (b)  linearly  polarized  incident  light.  It  clearly 
shows  that  when  the  CLC  medium  is  inside  its  Bragg 
reflection  band,  the  resonance  spectra  split.  However, 
instead  of  the  continuous  splitting,  as  shown  in  Fig.  2,  the 
splitting  occurs  in  a  steplike  fashion.  This  steplike  splitting 
occurs  because  of  the  fixed  boundary  conditions  of  the 
CLC  FP  cell.  The  total  twisted  angle  of  the  CLC  director 
inside  the  FP  can  only  assume  integer  number  of  tt  because 
the  cell  surfaces  are  parallel  rubbed.  Therefore,  the  effec¬ 
tive  pitch  of  the  CLC  material  adopts  a  set  of  quantized 
values  that  minimizes  the  free  energy,  and  at  the  same  time, 
satisfies  the  fixed  boundary  conditions.  In  order  to  explain 
the  observed  spectra,  a  simple  model  is  proposed.  We 
assumed  that  the  effective  pitch  takes  the  quantized  value 
2d/m  when  the  natural  twisted  angle  falls  in  the  range 
(/n  -  l/2)ir  ~  {m  +  l/2)ir.  This  pitch  quantization 
is  experimentally  confirmed  by  measuring  the  transmis¬ 
sion  spectra  of  a  CLC  cell,  which  has  a  similar  structure  as 
the  CLC  FP  cell  but  without  the  dielectric  mirror  coatings. 
This  CLC  cell  is  expected  to  show  a  Bragg  reflection  band 
centered  at  Aq  =  nP.  Therefore,  the  pitch  of  the  material 
at  a  certain  temperature  can  be  obtained  by  measuring  the 
position  of  the  Bragg  reflection  band.  As  shown  in  Fig.  4, 
the  Bragg  reflection  band  (represented  by  the  notch  of 
each  spectrum)  responded  to  the  temperature  change  in  a 
steplike  manner,  which  is  characterize  by  a  set  of  similar 
transmission  spectra  in  a  small  temperature  region.  Thus 
the  pitch  quantization  is  clearly  verified  in  this  experiment. 
The  oscillation  of  the  transmission  outside  the  reflection 
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FIG.  3.  Experimental  results  of  the  resonance  spectra  for  a 
2  /xm  CLC  FP.  The  incident  light  is  (a)  nonpolarized  and 
(b)  linearly  polarized. 

band  is  because  of  the  FP  effect  due  to  the  reflections  fi’om 
the  front  and  back  surfaces  of  the  cell.  Based  on  these  re¬ 
sults,  we  proposed  a  simple  model  of  the  effective  pitch  for 
a  2  fim  CLC  FP.  The  quantization  of  the  pitch  is  shown 
in  the  inset  of  Fig.  4,  which  is  very  similar  to  the  steplike 
behavior  of  the  reflection  band.  The  small  difference  is  a 
result  of  the  small  variation  in  the  cell  thickness.  Although 
both  cell  thicknesses  are  maintained  by  2  /zm  spacers,  the 
actual  thickness  is  not  exactly  the  same. 


Wavelength  (nm) 

FIG.  4.  The  steplike  behavior  of  the  reflection  band  for  a  2  /xm 
CLC  cell  as  the  temperature  changes.  The  reflection  band  is 
represented  by  the  notch  for  each  spectrum.  The  inset  is  the 
quantized  pitch  for  a  2  /xm  CLC  FP  cell  used  in  the  calculations. 
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FIG.  5.  Calculated  results  of  the  CLC  FP.  The  incident  light 
is  (a)  nonpolarized  and  (b)  linearly  polarized. 

By  only  applying  this  effective  pitch,  one  cannot  ob¬ 
tain  the  same  results  as  shown  in  Fig.  3;  the  penetrating 
depth  of  the  dielectric  mirror  coating  must  also  be  consid¬ 
ered.  To  account  for  this  additional  thickness,  we  added 
an  isotropic  layer  at  both  sides  of  the  CLC  medium  in¬ 
side  the  FP.  To  avoid  the  spectrum  oscillation  due  to  the 
multiple  FP  cavities  effect,  the  refractive  index  of  these 
two  layers  was  set  to  equal  the  average  refractive  index 
of  the  CLC  medium.  The  numerical  results  are  shown 
in  Fig.  5.  A  comparison  of  Figs.  5  and  3  shows  that  the 
agreement  is  excellent,  even  in  details.  In  the  calculation, 
a  jjenetrating  depth  of  0.72  /u.m  was  chosen  for  both  mir¬ 
ror  coatings.  Because  of  sample  nonuniformity,  as  the 
temperature  changes,  the  sample  is  expected  to  form  the 


multidomain  structure,  which  has  been  confirmed  under  a 
polarizing  microscope.  Although  a  slow  rate  of  tempera¬ 
ture  change  and  a  pinhole  were  used  in  the  experiment 
to  minimize  this  problem,  the  multidomain  structure  still 
caused  the  broader  resonance  peaks  and  the  gradual  change 
in  the  step  edge. 

In  this  paper  we  have  examined  the  spectral  response  of 
a  Fabry-Perot  containing  cholesteric  liquid  crystal  in  the 
region  of  the  Bragg  reflection  band.  Theoretical  consid¬ 
eration  by  means  of  the  4  X  4-matrix  calculation  revealed 
a  splitting  of  the  resonance  spectrum  when  \  ~  nP.  Ex¬ 
periments  were  conducted  to  confirm  the  theoretical  pre¬ 
dictions.  For  a  parallel  rubbed  sample,  the  splitting  occurs 
in  a  steplike  fashion,  which  can  be  explained  by  the  quan¬ 
tization  of  the  effective  pitch  of  the  CLC  medium.  The 
complexity  of  the  results  is  due  to  the  spiraling  dielec¬ 
tric  ellipsoid  and  the  helix  quantization.  The  behavior  is 
similar  to  a  one  dimensional  photonic  band-gap  structure. 
Currently,  we  are  attempting  to  develop  a  CLC  FP  cell 
structure  with  a  continuously  changing  pitch. 
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The  transformation  of  the  state  of  polarization  (SOP)  of  light  from  one  smte  to  another  can  be 
graphically  illustrated  by  a  trajectory  on  the  Poincare  sphere  (PS).  We  use  this  method  to  ijus frate 
Se  control  of  the  azimuth  SOP  rotation  on  the  PS.  Traditionally,  azimuth  rotation  is  aclueved  by  the 
use  of  a  Faraday  rotator  or  by  the  mechanical  movements  of  birefnngent  wave  plates.  In  this  letter, 
an  electrically  controllable  azimuth  optical  rotator  is  introduced  theoretic^ly  and  verified 
experimentally.  It  consists  of  two  quarter-wave  plates  and  one  liquid-crystal  variable  wave  plate  and 
allows  polarization  rotation  of  an  arbitrary  polarized  light  by  an  angle  determined  by  the  magn^ 
of  the  applied  field.  This  electrical  approach  avoids  the  errors  and  inconvenience  associated  with  the 
magnetic  field  and  the  mechanical  movements  of  other  methods.  ©  2000  American  Instmte  of 
Physics.  [S0003-6951(00)04517-4] 


As  the  polarization  effects,  such  as  polarization-mode 
dispersion  and  polarization-dependent  loss,  become  impor¬ 
tant  considerations  in  optical  systems,  the  ability  to  control 
the  transformation  of  the  state  of  polarization  (SOP)  (Refs.  1 
and  2)  of  light  is  becoming  increasingly  important.  When 
examining  the  SOP  properties  of  light,  the  Stokes 
parameters^  and  the  Poincare  sphere^  (PS)  representation 
provide  a  clear  visualization  of  the  evolution  of  the  SOP. 
Thus,  these  methods  are  widely  used.  It  is  well  known  that 
the  rotation  of  the  SOP  on  the  PS  about  an  axis  that  lies  on 
the  equatorial  plane  can  be  achieved  simply  by  a  linear  bire¬ 
fringence  wave  plate,  such  as  a  homogeneous  aligned  liquid- 
crystal  cell.  However,  to  azimuth  rotate  the  SOP  on  the  PS  is 
a  challenging  task.  Traditionally,  the  azimuth  rotation  of  the 
SOP  on  the  PS  is  achieved  by  the  use  of  a  Faraday  rotator  or 
by  the  mechanical  rotations  of  quarter-wave  plates  and/or 
half-wave  plates.**  A  Faraday  rotator  requires  magnetic  field, 
so  it  is  inconvenient  in  most  applications  and  difficult  to 
integrate  into  optical  systems.  The  mechanical  movements 
may  cause  various  kinds  of  errors.  Misaligmnent  and  the 
nonuniformity  of  wave  plates  are  typical  problems  associated 
with  the  moving  parts.  Due  to  the  inertia  of  the  moving  parts, 
processes  involving  mechanical  movements  are  typically 
time  consuming,  complicated,  and  inaccurate.  Therefore,  it  is 
important  to  develop  an  electrically  controllable  azimuth  op¬ 
tical  rotator  with  no  moving  parts. 

It  is  well  known  that  to  electrically  azimuth  rotate  a  spe¬ 
cific  linearly  polarized  light,  one  can  use  a  variable  wave 
plate  and  a  quarter-wave  plate.  These  two  wave  plates  are 
oriented  at  45°  and  0°,  respectively,  with  respect  to  the  axis 
of  the  linearly  polarized  light.  The  rotation  angle  can  be  con¬ 
trolled  by  controlling  the  birefringence  of  the  variable  wave 
plate.  But,  sueh  a  device  cannot  be  used  for  an  arbitrary 
incident  SOP.  In  a  recent  paper,’  Ye  and  Keranen  used  a 
device  with  a  similar  configuration  in  front  of  an  analyzer  to 
examine  the  light  intensity.  They  concluded  that  this  con¬ 
figuration  can  effectively  simulate  an  electrically  control- 
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lable  azimuth  rotation  of  the  analyzer  by  changing  the  retar¬ 
dation  of  the  linear  retarder.  However,  this  azimuth  rotation 
is  only  in  terms  of  the  light  intensity,  since  the  SOP  of  the 
emergent  light  field  is  not  azimuth  rotated.  Furthermore,  the 
input  polarization  has  a  fixed  relation  with  the  rotator  ele¬ 
ments.  In  this  letter,  we  introduce  a  device  that  can  azimuth 
rotate  an  arbitrary  SOP  on  the  PS  by  an  arbitrary  angle  using 
electrical  control. 

As  Jones  predicted,’  a  variable  linear  retarder,  placed 
between  two  orthogonal  quarter-wave  plates  whose  slow 
axes  make  an  angle  ±45°  with  that  of  the  linear  retarder,  acts 
as  an  azimuth  optical  rotator  that  can  rotate  the  SOP  about 
the  polar  axis  on  the  PS.  We  have  fabricated  an  optical  ro¬ 
tator  from  two  quarter-wave  plates  and  a  homogeneous 
aligned  nematic  liquid-crystal  cell.  Liquid  crystal  was  chosen 
because  of  its  unique  electro-optical  effects,  which  permit  us 
to  use  a  small  electric  field  to  change  the  retardation  of  the 
cell.  The  amount  of  the  azimuth  rotation  is  determined  by  the 
retardation  of  the  liquid-crystal  cell,  which  can  be  controlled 
by  the  applied  electric  field.  In  the  following  discussion,  we 
present  a  theoretical  consideration  of  this  device  by  the  use 
of  the  Jones  matrix  calculations  and  the  Stokes  parameters; 
this  is  followed  by  a  detailed  report  of  our  experimental  re¬ 
sults. 

We  can  define  the  structure  of  the  azimuth  optical  rotator 
as  Q(45°)B(0°)j2(~45°),  where  Q  stands  for  the  quarter- 
wave  plate  and  B  is  the  birefringence  of  the  middle  wave 
plate.  The  angles  in  the  brackets  are  the  orientation  of  the 
slow  axis  for  the  corresponding  wave  plate.  In  other  words, 
the  first  and  third  wave  plates  are  quarter-wave  pktes  with 
their  slow  axes  orientated  at  45°  and  "■45°,  respectively,  and 
the  middle  wave  plate  is  a  liquid-crystal  cell  with  birefrin¬ 
gence  B  and  a  slow  axis  oriented  at  0°. 

Suppose  that  the  incident  light  field  is  represented  by 

/  cosa  \  (1) 

\Eyj  \sinaexp(i5)/’ 

This  light  field  can  also  be  expressed  by  the  Stokes  param¬ 
eters  as  follows: 
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FIG.  1.  Azimuth  rotation  of  the  SOP  about  the  polar  axis  on  the  PS  for  the 
2(45°)fl(0°)(2(-45°)  configuration  (l->2)  and  the  2(0°)B(45°)2(0‘') 
stmcture  (1— >1'— 12').  (a)  The  initial  SOP  is  represented  by  point  I.  The 
final  SOP  for  the  C(45°)B(0°)C( -45°)  structure  is  rotated  in  a  lateral 
intercept  circle  that  contains  point  1  (S',  The  final  SOP  for 

2(0°)B(45°)2(0°)  is  rotated  in  a  lateral  intercept  circle  that  contains  the 
point  r  (S',  ,-Si  .-Sj).  (b)  The  projection  plane  on  the  equator.  The 
dashed  circle  represents  the  equatorial  plane. 


S\  =  -  £' £' *  =  cos  )3  =  cos  2  a, 

=  sin  sin  2  a  COS  (2) 


—  —EyE'j^  )  =  sin2asin  <?, 

where  j3  is  the  azimuth  angle  of  the  SOP  on  the  PS,  as  shown 
in  Fig.  1. 

The  output  light  field  emerging  from  the  stack  structure 
is  given  by 


(3) 


where  J{B)  is  the  Jones  matrix  for  a  retarder  with  retardation 
B  and  £(^)  is  the  rotation  matrix  with  a  rotating  angle  ft  Q 
is  the  Jones  matrix  for  the  quarter-wave  plate.  The  Stokes 
parameters  of  the  output  light  can  be  calculated  as  follows; 


5" = cos  2  a  cos  B  -  sin  2  a  sin  B  cos  ft, 

52  =  cos2asinB-fsin2acosBcosft,  (4) 


S3  =  sin  2  a  sin  ft. 


If  Eq.  (2)  is  substituted  into  Eq.  (4),  one  can  obtain  the 
following  results  that  relate  the  output  SOP  with  the  incident 
SOP: 


S"=S',  COSB-S2  sinB, 

S2  =  S',  sinB  +  SjCosB,  (5) 

S^S'. 

Therefore,  this  configuration  will  rotate  the  SOP  about  the 
[X)lar  axis  by  an  angle  B. 

As  we  discussed  above,  the  (2(45‘’)B(0°)2{-45‘’) 
structure  will  rotate  the  SOP  about  the  polar  axis  on  the  PS 
by  an  angle  B.  With  this  method,  it  is  easy  to  show  that  a 
C(-45°)B(0°)j2(45°)  structure  will  rotate  the  SOP  about 
the  polar  axis  on  the  PS  by  an  angle  -B. 

To  demonstrate  the  above  considerations,  a  Hewlett- 
Packard  HP8509B  fiolarization  analyzer  at  1.55  fim  was 
used  to  measure  the  Stokes  parameters  of  the  emergent  light 
field.  The  voltage  applied  to  the  liquid-crystal  cell  was  con¬ 


FIG.  2.  Experiment  results  of  the  electrically  controlled  optical  rotator.  The 
initial  SOP  are  arbitrarily  chosen.  S,  for  the  initial  SOP  are:  0  for  ■.  0.78 
for  A.  and  0.92  for  •.  The  resulting  SOP  preserves  S3  and  forms  a  circle  on 
the  lateral  plane,  while  the  retardation  of  the  linear  retarder  is  changed  by 
2ir.  For  clarity,  only  one  third  of  the  experimental  results  are  shown.  The 
unequal  spacing  between  the  experiment  points  is  due  to  the  nonlinear 
electro-optic  response  of  the  liquid  crystal. 


trolled  by  a  HP33I20A  function  generator.  The  liquid-crystal 
cell  was  made  using  indium— tin— oxide  glass  substrates 
coated  with  a  thin  layer  of  polybutylene-terepthallate  and 
unidirectionally  rubbed  to  define  the  direction  of  the  direc¬ 
tors  at  the  surfaces.  The  glass  plates  were  then  cut  into  two 
pieces  and  assembled  into  a  10-/im-thick  cell  using  glass 
fiber  spacers  and  ultraviolet  curable  epoxy.  The  liquid- 
crystal  material  (E7  from  Merck)  was  inserted  into  the  cell  in 
its  isotropic  phase  by  the  capillary  action.  The  two  quarter- 
wave  plates  used  in  the  experiment  were  also  made  of  liquid- 
crystal  cells.  Two  cells  were  filled  with  liquid  crystal  (E7) 
doped  with  a  small  amount  of  cross-link  materials,  and  then 
polymerized  under  UV  light  with  the  presence  of  an  electric 
field.  The  field  was  adjusted  to  keep  the  retardation  of  the 
cell  to  be  7r/2  at  1.55  fim.  The  results  of  the  experiment  are 
shown  in  Fig.  2  in  the  S)-S2  projection  plan.  In  this  experi¬ 
ment,  the  incident  SOP  was  arbitrary  chosen  to  have  differ¬ 
ent  S3  (0,  0.78,  and  0.92).  Clearly,  this  experiment  shows 
that  as  the  voltage  applied  to  the  liquid-crystal  cell  changes, 
the  emergent  SOP  preserves  S3  and  rotates  about  the  polar 
axis.  As  a  result,  each  set  of  the  emergent  SOP  forms  a  circle 
with  radius  1,  0.63,  and  0.4,  respectively.  The  nonuniform 
space  between  the  data  points  is  due  to  the  nonlinear  electri¬ 
cal  response  of  the  liquid-crystal  cell. 

Because  of  the  mirror  synunetry  of  the  above  structure, 
there  is  an  equivalent  reflective  structure  |2(45°)B(0°)A/, 
where  M  represents  a  mirror.  A  mirror  in  the  optical  path  is 
equivalent  to  a  half-wave  plate  and  a  mirror  image  of  all  of 
the  optical  components  in  front  of  the  mirror.’  ®  Therefore, 
the  above  reflective  structure  is  equivalent  to 
e(45'')B(0'’)//(0°)B(0°)(2(-45'’),  where  H  represents  a 
half-wave  plate.  Since  the  three  middle  wave  plates  have  the 
same  orientation,  they  are  equal  to  a  single  wave  plate  with  a 
retardation  of  7r-F2B  at  0°.  Therefore,  this  reflective  struc¬ 
ture  will  rotate  the  SOP  about  the  polar  axis  on  the  PS  by  an 
angle  n+lB.  In  the  case  of  a  Q(-45°)B(0°)M  structure, 
the  SOP  will  rotate  about  the  polar  axis  on  the  PS  by  an 
angle  —ir-2B. 

When  the  incident  light  is  linearly  polarized,  this  reflec¬ 
tive  structure  can  be  used  to  replace  a  Faraday  rotator  in  a 
variety  of  applications.  For  example,  in  the  Martinelli 


84 


Appl.  Phys.  Lett..  Vol.  76,  No.  17,  24  April  2000 

effect, a  mirrored  45°  Faraday  rotator  is  needed  in  order 
to  eliminate  the  effects  of  reciprocal  birefringence  and  di- 
chroism  fluctuation  in  the  medium  on  the  SOP  after  the  light 
beam  retraces  its  path.  The  above  reflective  structure  can 
replace  a  Faraday  rotator,  and  in  so  doing  the  required  mag¬ 
netic  field  can  be  eliminated. 

Another  interesting  configuration  of  the  azimuth  optical 
rotator  is  the  G(0°)B(45°)G(0°)  structure.  By  calculating 
the  emergent  light  field  as  before,  the  Stokes  parameters  of 
the  emergent  light  field  can  be  calculated  as 

S^  =  S'iCosB  +  4sinB, 

^2= S',  sin  5-^2  cos  B,  (6) 

S^=-S^. 

A  comparison  of  Eqs.  (5)  and  (6)  shows  that  in  this  case, 
the  emergent  light  field  does  not  preserve  S3.  In  fact,  the 
sign  of  S3  is  inverted.  According  to  Eq.  (2),  as  shown  in  Fig. 
1,  the  emergent  light  reverses  S2  and  S3  (1— *1'  in  Fig.  1), 
and  rotates  the  SOP  about  the  polar  axis  by  an  angle  B 
(l'-^2' in  Fig.  1). 

From  the  above  equation,  if  B  =  'n-  (the  middle  liquid- 
crystal  cell  is  a  half-wave  plate),  then  8“= -S'.  In  other 
words,  the  SOP  of  the  emergent  light  is  always  the  orthogo¬ 
nal  state  of  the  incident  SOP;  this  holds  true  no  matter  what 
the  incident  SOP. 

In  conclusion,  we  have  theoretically  introduced  and  ex¬ 
perimentally  verified  an  electrically  controlled  optical  rotator 
for  an  arbitrary  incident  polarization  state.  The  degree  of 
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rotation  is  controlled  only  by  the  retardation  of  the  electri¬ 
cally  controllable  liquid-crystal  cell.  Detailed  studies  of  this 
azimuth  optical  rotator  are  provided  for  different  kinds  of 
configurations.  The  main  advantage  of  this  azimuth  optical 
rotator  is  that  the  rotation  can  be  controlled  electrically  ;  thus, 
the  required  magnetic  field  in  a  Faraday  rotator  and  the  me¬ 
chanical  movements  of  other  methods  are  avoided.  The 
speed  of  the  rotation  is  essentially  limited  by  the  electro¬ 
optic  response  time  of  the  liquid-crystal  material  and  is  typi¬ 
cally  in  the  millisecond  range.  Although  the  liquid-crystal 
materials  have  unique  electro-optical  properties  and,  there¬ 
fore,  are  chosen  to  make  this  optical  rotator,  the  structure 
itself  is  not  limited  to  liquid  crystal.  In  cases  where  high¬ 
speed  rotation  is  desired,  one  can  replace  the  liquid-crystal 
cell  with  another  material  with  a  high  electro-optical  speed. 
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In  this  letter,  we  investigate  the  behavior  of  the  defects  in  a  circular-circularly  rubbed  liquid  crystal 
cell  with  an  off-center  alignment.  We  show  that  the  line  defect  forms  a  circle  that  passes  through  the 
rubbing  centers  of  the  two  surfaces.  The  size  and  the  position  of  the  defect  circle  depend  on  the  cell 
gap  and  the  pitch  of  the  materials.  We  propose  a  simple  model,  based  on  an  analysis  of  the  free 
energy,  to  explain  this  interesting  phenomenon.  This  technique  of  defect  making  is  useful  to  confine 
the  defect  to  a  particular  position  by  controlling  the  cell  parameters  and  the  material  properties.  It 
can  also  be  applied  to  the  pitch  measurement,  the  generation  of  the  space-variant  polarized  light  and 
the  study  of  the  dynamic  properties  of  the  defect.  ©  2000  American  Institute  of  Physics 
[80003-6951(00)02321-4]  ' 


From  a  structural  point  of  view,  liquid  crystals  are  ma¬ 
terials  intermediate  between  ordinary  liquids  and  the  solid 
crystals.  The  electro-optical  effects  of  liquid  crystals  are  due 
to  the  reorientation  of  the  director,  when  subjected  to  small 
external  forces,  such  as  an  electrical  field,  a  change  in  the 
temperature,  or  the  surface  anchoring  effect.  The  surface 
properties  can  be  controlled  and  can  alter  the  director  profile, 
both  in  the  bulk  as  well  as  the  surface.  It  is  well  known  that 
liquid  crystal  molecules  on  a  rubbed  surface  tend  to  align 
along  the  rubbing  direction.'  In  this  letter,  we  study  a  special 
surface:  the  circularly  rubbed  surface.  If  both  surfaces  of  a 
liquid  crystal  cell  are  rubbed  circularly  and  these  two  sur¬ 
faces  are  aligned  off-center,  then  a  circular  disclination  line 
appears,  separating  the  two  domains.  These  two  domains 
have  the  same  free  energy,  but  they  are  twisted  in  opposite 
directions.  We  provide  a  detailed  experimental  and  theoreti¬ 
cal  study  of  this  phenomenon. 

Liquid  crystals  are  very  sensitive  to  any  spatial  variation 
of  the  surface  forces,  which  may  alter  their  surface  align¬ 
ment.  This  sensitivity  renders  the  interfacial  phenomena  of 
liquid  crystals  extraordinarily  variable  and  interesting.  In 
most  applications,  a  cell  is  treated  in  such  a  way  that  the 
orientation  of  the  director  is  uniform  across  its  surface.  The 
parallel-rubbed  cell,  the  twisted  cell,  the  homeotropic  cell, 
and  the  hybrid  cell  have  uniform  aligned  molecules  at  their 
surfaces.  Other  researchers  have  studied  liquid  crystal  cells 
with  a  circularly  rubbed  surface,  which  has  a  concentric  cir¬ 
cular  molecule  arrangement  at  the  surface.^"^  A  liquid  crys¬ 
tal  cell  with  one  surface  rubbed  unidirectionally  and  the 
other  surface  rubbed  circularly  has  been  used  in  generating 
linearly  piolarized  light  with  axial  symmetry^’^  and  in  mea¬ 
suring  the  pitch  of  the  cholesteric  liquid  crystal.'' 

In  this  letter,  we  focus  on  the  situation  when  the  two 
surfaces  used  to  form  a  liquid  crystal  cell  are  both  circularly 
rubbed  and  they  are  off-center  aligned,  which  means  that  the 
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two  circularly  rubbed  surfaces  are  not  aligned  concentrically. 
First,  we  describe  the  fabrication  of  the  circularly  aligned 
cell,  followed  by  a  discussion  of  the  experimental  results. 
The  observed  results  are  discussed  in  term  of  the  free  energy 
analysis.  We  show  that  the  disclination  line  forms  a  circle, 
which  passes  through  the  rubbing  centers  of  both  surfaces. 
The  size  and  the  position  of  the  circle  depend  on  the  cell 
structure  and  the  pitch  of  the  materials. 

To  study  the  defect  formation  in  a  circular-circularly 
rubbed  cell,  we  chose  a  liquid  crystal  (ZLI-3488  from 
Merck)  whose  pitch  continuously  changes  with  the  tempera¬ 
ture,  TTiis  material  has  a  cholesteric  phase  when  its  tempera¬ 
ture  is  between  66  and  85  "C.  Figure  1  shows  the  nominal 
pitch  of  this  material  as  a  function  of  the  temperature.  The 
cell  was  made  using  indium-tin-oxide  (ITO)  glass  sub¬ 
strates.  To  promote  planar  alignment,  the  ITO  glass  was 
coated  with  a  thin  layer  of  polybutylene-terepthallate  (PBT). 
PBT  was  chosen  with  no  specific  reason,  and  other  align¬ 
ment  material,  such  as  polyimide,  yields  the  same  results. 
Then,  the  PBT  layers  were  rubbed  circularly.  To  have  a  uni¬ 
form  rubbing  pattern,  the  rubbing  strength  should  be  adjusted 
because  of  the  variation  in  the  linear  sjjeed  as  one  moves 
away  from  the  center  of  rubbing.  The  rubbed  plates  were 
assembled  into  a  10  /zm  thick  cell.  When  assembling  the 


FIG.  I.  The  nominal  pitch  of  the  liquid  crystal  material  (ZLI-3488)  as  a 
(iinction  of  the  temperature. 
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FIG.  2.  Microphotographs  of  the  disclination  line  formed  in  the  cincular- 
citcularly  off  center  aligned  liquid  crystal  cell  at  different  temperatures.  The 
defect  fnrm^  a  circle  that  passes  through  the  tubbing  centers  of  the  two 
surfaces. 


cell,  the  rubbing  centers  of  the  two  surfaces  were  deliberately 
separated  by  a  small  distance.  Several  cells  were  made,  and 
the  one  with  a  suitable  separation  (about  1  mm)  between  the 
two  mbbing  centers  was  chosen  to  be  used  in  our  experi¬ 
ment.  The  liquid-crystal  material  was  inserted  into  the  cell  in 
its  isotropic  phase  by  the  capillary  action. 

Figure  2  is  composed  of  a  series  of  microphotographic 
images.  Each  image  was  taken  when  the  cell  was  at  a  differ¬ 
ent  temperature.  The  angle  between  the  entrant  and  the  emer¬ 
gent  polarizers  was  adjusted  to  obtain  the  best  contrast.  With 
reference  to  these  images,  it  is  obvious  that  the  line  defect 
forms  a  smooth  curve  and  that  it  always  passes  through  the 
mbbing  centers  of  the  two  surfaces.  As  the  temperature 
changes,  the  shape  and  the  position  of  the  defect  curve  also 
change. 

In  order  to  obtain  a  better  understanding  of  this  phenom¬ 
enon,  we  propose  a  simple  model,  which  is  based  on  an 
analysis  of  the  free  energy.  The  details  of  this  model  have 
been  thoroughly  discussed  in  our  previous  letter.  We  as¬ 
sume  that  the  molecules  are  in  the  so-called  planar  state, 
which  mpans  that  the  molecules  are  parallel  to  the  surfaces  of 
the  cell.  By  doing  so,  the  small  pretilt  angle  generated  by 
mbbing  was  omitted.  The  influence  of  the  pretilt  angle  is  so 
small  that  no  sensible  effect  was  observed  in  our  experiment. 
In  this  case,  the  elastic  free  energy  has  only  one  term,  the 
twisted  term* 


/= 


dz, 


where  K2  is  the  twist  elastic  constant,  if>  is  the  azimuth  angle 
of  twist  for  the  director,  z  is  the  coordinate  in  the  surface 
normal,  d  is  the  cell  gap,  q=2‘rr/p,  andp  is  the  pitch.  If  the 
temperature  and  the  pitch  are  fixed,  {d<l>ldz)  is  a  constant 
and  there  is  no  external  field,  then  the  free  energy  can  be 
written  in  a  simple  form  as 


(2) 


HG.  3.  Theoretical  model  for  the  circular-circularly  off-center  aligned  liq¬ 
uid  crystal  cell.  C,  and  C2  are  the  nibbing  centers  of  the  two  surfaces. 
Circles  a  and  ^  represent  the  nibbing  direction  at  the  bottom  and  the  upper 
surfaces,  respectively. 


where  is  the  total  twisted  angle  from  one  surface  to  the 
other. 

The  nature  of  the  disclination  line  tells  us  that  the  mol¬ 
ecules  on  either  side  of  the  disclination  line  should  have  the 
same  free  energy  in  equilibrium  state.  If  this  were  not  the 
case,  the  disclination  line  would  move  to  reach  a  stable, 
equiUbrium  configuration.  If  one  assumes  that  at  the  two 
sides  of  the  disclination  line,  the  total  twisted  angles  are  0 
i  irfl,  then,  the  equilibrium  conditions  yield  the  following 
equation: 

Therefore,  the  deviation  angle  0  can  be  easily  determined  as 


The  equilibrium  between  the  two  domains  separated  by 
the  dischnation  line  requires  that  the  total  twisted  angle 
should  be  e±  ir/l  on  the  two  sides  of  the  defect.  As  illus¬ 
trated  in  Fig.  3,  Cl  and  Cz  are  the  two  mbbing  centers  of  the 
bottom  and  the  upper  surfaces,  respectively.  The  two  dashed 
circles  (a  and  )3)  represent  the  mbbing  direction  at  the  two 
surfaces.  According  to  the  above  analysis,  if  point  C  is  on  the 
defect  curve,  then  the  molecules  at  this  point  should  have  a 
total  twisted  angle  0±'jtI2  on  the  two  sides  of  the  defect. 
Because,  at  the  surface,  the  molecules  are  aligned  as  a  circle 
that  follows  the  mbbing  pattern,  the  e±'JT/2  total  twisted 
angle  along  the  defect  line  requires  the  angle  x=0±7rl2. 
The  handedness  of  the  twist  determines  which  sign  (+  or  -) 
should  be  used.  Because  the  angle  is  a  constanL  the  trajec¬ 
tory  of  the  defect  should  form  a  circle  (circle  -yin  Fig.  3). 

An  immpdiatp.  lesult  from  the  above  analysis  is  that  if 
the  deviation  angle  is  an  integer  number  of  7r(fl=n7r),  the 
angle  x  equals  ±tTl2.  Because  CjC  and  C2C  are  perpen¬ 
dicular  to  each  other,  C1C2  serves  as  the  diameter  of  the 
defect  circle.  In  this  case  the  defect  circle  has  the  minimum 
size,  and  the  center  of  the  defect  circle  is  at  the  midpoint  of 
C1C2.  This  situation  is  shown  in  Fig.  2(c).  According  to  Fig. 
1,  at  73.3  °C  the  pitch  of  the  material  is  about  20  /tm.  There¬ 
fore,  from  Eq.  (4),  it  can  be  determined  that  the  deviation 
angle  6  equals  it.  This  conclusion  can  be  easily  confirmed  by 
inserting  nematic  liquid  crystal  into  the  circular-circularly 
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FIG.  4.  The  theoretical  model  used  to  calculate  the  size  and  the  position  of 
the  defect  circle. 

rubbed  cell.  The  nematic  liquid  crystal  has  an  infinite  pitch, 
which  makes  the  deviation  angle  equal  to  zero.  Therefore,  by 
introducing  the  nematic  liquid  crystal  we  should  get  a  circle 
centered  at  the  midpoint  of  C,C2.  This  is  exactly  the  case 
and  has  been  confirmed  by  the  experiment.  The  result  for  a 
nematic  liquid  crystal  filled  cell  is  identical  to  Fig.  2(c). 

Another  result  that  can  be  easily  deduced  from  the  above 
discussion  is  that  if  the  deviation  angle  6  is  n7r±7r/2,  then 
angle  x  will  have  the  value  ±  n.  This  means  that  the  defect 
circle  will  expand  into  a  straight  line,  as  shown  in  Figs.  2(a) 
and  2(e).  It  is  easy  to  confirm  from  Fig.  1  that  at  these  two 
temperatures  (70.5  and  76  °C),  the  pitch  is  about  40  and  13.3 
fim,  respectively.  Therefore  the  deviation  angles  are  ttH  and 
3ir/2.  The  other  value  of  the  deviation  angle  6  will  move  the 
defect  circle  away  from  the  center  of  CiCj  along  the  normal 
of  CjCj  [as  shown  in  Figs.  2(b)  and  2(d)],  but  the  defect 
circle  will  always  pass  through  the  rubbing  center  of  the  two 
surfaces. 

One  may  notice  that  the  curves  shown  in  Fig.  2  are  not 
perfect  circles.  The  reason  for  this  is  the  nonuniformity  of 
the  cell,  which  means  that  the  gap  may  have  a  small  varia¬ 
tion  across  the  cell.  This  nonuniformity  of  the  cell  has  been 
confirmed  by  measuring  the  thickness  of  the  empty  cell  at 
different  positions.  The  variation  of  the  thickness  was  found 
to  be  around  0.2  fim. 

There  is  a  simple  way  to  detemune  the  size  and  the 
position  of  the  defect  circle.  As  shown  in  Fig.  4,  the  size  of 
the  defect  circle  is  represented  by  its  radius  r,  and  the  posi¬ 
tion  of  the  circle  is  represented  by  the  distance  h  from  its 
center  (point  O)  to  the  midpoint  of  the  line  CiCj  (point  Q. 
According  to  the  previous  discussion,  it  is  easy  to  find  that 


-  ^  “ 

^  cos  6'  ^  cot0’ 

where  a  is  the  half  length  of  line  C,  Cj .  Therefore,  from  the 
size  or  the  position  of  the  defect  circle  and  Eqs.  (4)  and  (5), 
one  can  obtain  information  about  the  deviation  angle  of  the 
cell,  and  the  pitch  of  the  material. 

The  previously  reported  method''  to  measure  the  pitch 
used  a  liquid-crystal  cell  with  one  surface  rubbed  unidirec- 
tionally  and  the  other  surface  rubbed  circularly.  In  this  con¬ 
figuration,  the  defect  forms  a  straight  line,  and  the  deviation 
angle  can  be  measured  through  the  angle  between  the  discli- 
nation  line  and  the  rubbing  direction  of  the  unidirectional ly 
rubbed  surface.  The  current  method  has  several  advantages 
compared  to  the  previous  one.  According  to  Eq.  (5),  the  de¬ 
viation  angle  can  be  determined  by  measuring  the  radius  (or 
equivalently,  the  area  of  the  defect  circle),  which  is  more 
convenient  than  measuring  the  angle.  Moreover,  the  current 
method  eliminates  the  need  of  a  reference  direction,  which 
the  previous  method  required. 

In  conclusion,  this  letter  provided  a  detailed  study  of  the 
defect  in  a  circular-circularly  rubbed  cell  with  an  off-center 
alignment.  The  disclination  line  forms  a  circle  that  passes 
through  the  rubbing  centers  of  the  two  surfaces.  The  devia¬ 
tion  angle,  which  is  a  function  of  the  cell  gap  and  the  pitch  of 
the  material,  controls  the  size  and  the  position  of  the  defect 
circle.  This  technique  can  confine  the  defect  to  a  particular 
position,  and  can  be  applied  to  the  pitch  measurement,  the 
generation  of  the  space- variant  polarized  light,  and  the  study 
of  the  dynamic  properties  of  the  defects. 
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In  this  letter,  we  propose  a  simple  configuration  that  is  capable  of  rotating  a  linear  polarization  state 
of  fight  by  a  cert^n  angle  for  a  wide  range  of  wavelengths.  The  device  consists  of  three 
liquid-crystal  cells:  two  homogeneous  cells  and  one  twisted  nemaUc  (TN)  cell.  It  is  well  known  that 
a  diick  TN  cell  can  rotate  the  linear  polarization  state  of  fight  by  following  the  twisted  s^^tu^ 

However  for  a  thin  TN  cell,  achromatic  polarization  rotation  is  not  possible.  By  the  use  ot  m 
Poincare  sphere  model  of  the  TN  structure,  we  demonstrate  that  if  one  thin  homogeneous  cell  is 
placed  before  and  another  one  is  placed  after  a  thin  TN  stmcture,  then  a 

be  transformed  close  to  the  eigenmodes  of  TN.  Therefore,  this  stmcture  can  be  used  to  actaeve  the 
achromatic  polarization  rotation.  This  letter  provides  a  detailed  discussion  of  the 
and  a  demonstration  of  the  achromatic  linear  polarization  rotator  by  the  use  of  a  1 .9  fim  TN  cel 
the  wavelength  range  450-700  nm.  ©  2000  American  Institute  of  Physics. 

[80003-6951(00)01526-6] 


Liquid-crystal  (LC)  materials,  in  various  configurations, 
may  be  used  in  information  displays  and  optical  communi¬ 
cation  applications.  Most  of  these  devices  involve  the  use  of 
the  twisted  nematic  (TN)  LC  stmcture.'  The  Jones  matrix 
calculation  has  been  widely  used  to  study  the  optical  prop¬ 
erties  of  the  TN  LC  stmcture.  Recently,  these  studies  were 
summarized  by  Yeh  and  Gu.^  The  operation  of  a  device  with 
a  TN  stmcture  is  generally  described  in  terms  of  the  rotation 
of  the  linear  input  polarization  of  the  fight  following  the 
twisted  stmcture.  This  explanation,  however,  holds  tme  only 
for  specific  cases.  The  exact  rotation  of  the  linear  polariza¬ 
tion  in  the  TN  stmcture  can  be  achieved  when  the  stmcture 
satisfies  either  one  of  the  following  two  criterions:  the  Mau- 
guin  limit  (.\<^ndf  or  the  “Gooch-Tarry”  relation.  Both 
criterions  result  in  limitations  on  the  practical  applmations: 
the  Mauguin  limit  requires  a  thick  sample,  and  the  “Gooch- 
Tarry”  relation  works  optimally  only  for  a  single  wave¬ 
length.  In  this  letter,  we  propose  a  simple  stmcture  that  can 
achieve  the  achromatic  linear  polarization  rotation  by  adding 
two  homogeneous  nematic  LC  cells  to  a  thin  TN  stmcture. 

As  we  mentioned  earlier,  the  Jones  matrix  calculation 
has  been  used  to  study  the  optical  properties  of  the  TN  stmc¬ 
ture.  Although  the  Jones  matrix  calculation  can  be  used  to 
effectively  study  the  TN  stmcture,  it  offers  little  insight 
about  the  polarization  evolution  of  the  fight.  Moreover,  when 
the  Jones  matrix  is  used  to  study  the  optical  properties  of  the 
TN  stmcture,  complex  numerical  calculations  are  usually  re¬ 
quired.  Recently,  we  introduced  a  Poincare  sphere  (PS) 
model’  to  represent  the  TN  stmcture  on  the  PS.  The  PS 
model  represents  the  evolution  of  the  state  of  polarization 
(SOP)  inside  a  TN  stmcture  as  a  curve  on  the  PS.  Because  of 
its  geometrical  nature,  the  PS  model  offers  a  clear  visualiza¬ 
tion  of  the  evolution  of  the  SOP  and  eliminates  the  need  for 
complex  numerical  calculations.  The  PS  model  used  in  this 
letter  also  has  been  applied  to  the  simultaneously  optimiza- 
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tion  of  the  reflective  bistable  nematic  liquid  crystal 
stmcture.^®  In  the  discussion  later,  we  first  use  the  PS  model 
to  examine  the  eigenmodes  of  the  TN  stmcture.  After  that, 
we  discuss  the  configuration  of  the  achromatic  linear  polar¬ 
ization  rotator  and  the  theoretical  and  experimental  results. 
These  results  show  that,  compared  to  a  single  thin  TN  cell, 
our  device  can  greatly  reduce  the  wavelength  dependence  of 
the  emergent  polarization  state. 

A  TN  LC  has  an  intriguing  stmcture.  The  optical  prop¬ 
erties  of  a  TN  LC  are  a  combination  of  the  linear  birefrin¬ 
gence  and  the  optical  rotation.  Consider  a  stmcture,  which 
has  a  total  phase  retardation  that  can  be  expressed  as 
ItrdAnlh,  where  d  is  the  thickness  of  the  cell  and  An  is  the 
optical  anisotropy.  The  total  twisted  angle  is  ip.  As  it  passes 
through  the  TN  stmcture,  the  evolution  of  the  initial  SOP  can 
be  visualized  by  tracing  the  trajectory  of  a  point  on  a  cone, 
where  the  cone  is  rolled  on  the  equatorial  plane  at  a  rate  that 
is  twice  that  of  the  twist  of  the  directors.  As  Fig.  1  shows,  the 
cone’s  axis  is  represented  by  OC,  and  the  half-angle  of  the 
cone  to  is  defined  as’ 


FIG  I  PS  representation  for  a  TN  LC  cell,  to  is  the  half  angie  of  the  cone, 
OC  is  the  cone  axis;  and  C  and  C’  are  two  orthogonal  eigenmodes  of  the 
structure. 
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where  p  =  2  vdl4>  is  the  pitch. 

It  is  obvious  from  Fig.  1  that  if  the  incident  polarization 
is  at  point  C,  while  it  moves  with  the  cone,  the  ellipticity 
does  not  change.  The  only  effect  of  this  movement  is  the 
azimuth  rotation  of  the  polarization  direction.  This  polariza¬ 
tion  state  is  called  the  “rotated  eigenmode”  of  the  TN  struc¬ 
ture.  In  the  following  discussion,  we  refer  to  this  state  as  the 
eigenmode.  It  should  be  noted  that,  for  the  TN  structure, 
there  are  two  orthorgonal  eigenmodes  (points  C  and  C'  in 
Fig.  1).  The  azimuth  angle  of  eigenmode  (C)  is  parallel  to  the 
entrance  director  and  the  polar  angle  is  defined  by  Eq.  (1). 
The  same  results  have  been  achieved  with  the  use  of  the 
Jones  matrix  formalism.®''® 

Based  on  the  earlier  discussion,  one  can  easily  conclude 
that  if  the  incident  polarization  state  is  the  eigenmode,  then 
the  only  effect  is  the  exact  rotation  of  the  polarization  state 
by  the  total  twisted  angle  without  a  change  in  its  ellipticity. 
On  the  other  hand,  as  described  in  Eq.  (1),  the  eigenmode  for 
the  TN  structure  is  wavelength  dependent;  therefore,  this 
pure  polarization  azimuth  rotation  can  only  be  achieved  for  a 
specific  wavelength.  There  are  two  ways  to  accomplish  the 
achromatic  polarization  azimuth  rotation.  The  first  method 
requires  that  the  Mauguin  limit  be  satisfied.  From 

Eq.  (1),  it  is  clear  that,  at  the  Mauguin  limit,  the  cone  will  be 
reduced  to  a  line  that  lies  along  the  equatorial  plane;  there¬ 
fore  the  wavelength  dependence  is  eliminated.  However,  the 
Mauguin  limit  requires  a  thick  sample,  which  is  not  practical 
in  most  applications  and  results  in  a  slow  response.  The  other 
method  is  to  transform  the  incident  polarization  state  of  dif¬ 
ferent  wavelengths  close  to  their  corresponding  eigenmodes. 
This  method  can  be  applied  to  a  thin  TN  cell,  and  it  is  the 
method  used  in  this  letter. 

As  Eq.  (1)  illustrates,  the  half-angle  of  the  cone  (o>)  in¬ 
creases  as  the  wavelength  increases.  In  effect,  this  causes  the 
polar  angle  of  the  eigenmode  to  increase  as  the  wavelength 
increases.  On  the  other  hand,  the  phase  retardation  of  a  ho¬ 
mogeneous  nematic  LC  cell  decreases  as  the  wavelength  in¬ 
creases.  It  is  well  known  that  the  effect  of  a  homogeneous 
waveplate  on  the  incident  polarization  state  of  light  is  to 
rotate  the  polarization  state  by  an  angle  equal  to  the  phase 
retardation  of  the  waveplate.  Therefore,  if  one  can  design  a 
suitable  structure,  which  can  transform  the  linear  polariza¬ 
tion  state  close  to  the  eigenmodes  of  different  wavelengths, 
the  achromatic  azimuth  linear  polarization  rotation  can  be 
achieved. 

Figure  2(a)  shows  the  configuration  of  the  achromatic 
azimuth  linear  polarization  rotator.  The  incident  polarization 
is  assumed  to  be  linear  at  angle  a.  The  TN  cell  (B)  has  a 
twisted  angle  <^,  and  the  entrance  director  is  parallel  to  the 
incident  polarization  direction  (a).  Cell  A  and  cell  C  are 
homogeneous  LC  cells  which  are  oriented  at  (a-45°)  and 
(a-f-<^-l-45°),  respectively.  The  purpose  of  cells  A  and  C  is 
to  transform  the  polarization  state  of  all  wavelengths  be¬ 
tween  the  linear  polarization  state  and  their  corresponding 
eigenmodes. 

Figure  2(b)  illustrates  the  operating  principle  of  this  de¬ 
vice.  The  discussion  later  is  limited  to  the  case  with  a  single 
wavelength  (600  nm).  Here  we  assume  that  the  incident  light 
is  linearly  polarized  at  0°(a=0),  and  that  the  TN  cell  has  a 
twisted  angle  of  7r/2(^=  7r/2).  The  phase  retardation  of  cells 
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FIG.  2.  (a)  Structure  of  the  achromatic  polarization  rotator.  Cell  B  is  a  TN 
cell  with  a  twisted  angle  <^.  Cells  A  and  C  are  homogeneous  waveplates 
with  their  slow  axes  oriented  at  specific  angles;  both  orientations  depend  on 
the  incident  polarization  angle  a  and  the  twisted  angle  4>.  This  configuration 
is  capable  of  rotating  the  linear  polarization  at  a  by  angle  </>  for  a  wide  range 
of  wavelengths,  (b)  Operation  principle  of  the  achromatic  polarization  rota¬ 
tor. 

A  and  C  is  set  at  W(^600/\,  where  X  is  the  wavelength  in 
nanometers,  and  is  the  half  angle  of  the  cone  calculated 
when  X  =  6(X)nm.  The  incident  polarization  is  at  point  H.  If 
the  wavelength  is  600  nm,  then  the  incident  polarization  is 
transformed  to  point  C  through  the  arc  path  HC  by  passing 
through  cell  A.  The  phase  retardation  of  cell  A  equal  the  arc 
length  of  the  Point  C  is  the  eigenmode  of  the  TN  structure, 
therefore,  it  is  rotated  by  the  TN  structure  to  point  D  without 
changing  its  ellipticity.  By  passing  through  cell  C,  point  D  is 
further  transformed  to  point  V  through  the  arc  path  DV, 
which  has  the  same  length  as  arc  HC.  In  the  following  sec¬ 
tions,  the  effect  of  the  wavelength  variation  is  discussed. 

If  the  wavelength  increases  (decreases),  according  to  Eq. 
(I),  the  polar  angle  of  the  eigenmode  (&>)  will  increase  (de¬ 
crease).  Therefore,  for  the  device  to  work,  the  arc  lengths  HC 
and  DV  (or  in  other  words,  the  phase  retardation  of  cells  A 
and  C)  should  increase  (decrease).  However,  if  one  considers 
the  definition  of  retardation  (27rdAn/X),  the  phase  retarda¬ 
tion  is  inverse  proportional  to  the  wavelength,  which  changes 
in  the  opposite  direction  as  oj  does.  If  one  selects  phase  re¬ 
tardations  for  cells  A  and  C,  which  are  equal  to  the  half  angle 
of  the  cone  using  a  middle  wavelength,  then  this  problem  can 
be  minimized.  In  our  experiments,  we  set  this  middle  wave¬ 
length  at  600  nm.  By  doing  this,  even  if  the  phase  retardation 
and  w  changes  with  the  wavelength  in  opposite  direction, 
because  the  change  in  the  phase  retardation  is  small,  the 
emergent  polarization  states  will  assume  points  near  the 
eigenmodes  for  corresponding  wavelengths.  Therefore,  the 
linear  pwlarization  state  can  be  transformed  close  to  the  cor¬ 
responding  eigenmodes  for  a  wide  range  of  the  wavelengths. 

In  order  to  test  the  validity  of  our  device,  we  performed 
numerical  calculations  and  experiments  on  the  transmission 
spectrum  for  our  device  and  a  single  thin  TN  cell  placed 
between  cross  polarizers.  Figure  3  shows  the  results  of  our 
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FIG.  3.  Theoretical  and  experimental  results  for  the  achromatic  polarization 
rotator  and  a  single  TN  cell,  (a)  The  calculated  emergent  polarization  states 
in  the  S,-Sj  projection  plane,  (b)  The  calculated  and  experimental  results 
for  transmission  spectra  between  cross  polarizers. 

experiments.  Figure  3(a)  shows  the  calculated  results  of  the 
emergent  SOP  for  the  achromatic  polarization  rotator  and  for 
a  single  TN  cell,  in  the  wavelength  range  450-700  nm.  In 
our  calculations,  the  twisted  angle  is  90°;  the  cell  gap  is  1.9 
fim\  and  Aw  =  0.2.  The  retardations  of  the  two  homogeneous 
cells  are  identical  and  equal  to  to,  where  a>  is  calculated  with 
the  use  of  Eq.  (1)  for  a  wavelength  equal  to  600  nm.  From 
the  results  of  our  calculations,  it  is  obvious  that  a  single  TN 
cell  cannot  rotate  the  polarization  for  all  wavelengths;  this  is 
especially  evident  when  the  cell  gap  is  small  and  when  die 
wavelength  is  large.  However,  the  achromatic  polarization 
rotator  is  capable  of  achieving  the  polarization  rotation  for  a 
wide  range  of  wavelengths.  The  transmission  results  for  the 
achromatic  polarization  rotator  and  a  single  TN  cell  between 
cross  polarizers  are  shown  in  Fig.  3(b).  The  polanzers  are 
arranged  in  such  a  way  that  the  entrant  and  the  emergent 
polarizers  are  parallel  to  the  entrant  and  emergent  directors 
of  the  TN  cell  (B).  For  the  achromatic  polarization  rotator, 
the  emergent  light  has  almost  the  same  polarization  state  for 
all  wavelengths.  This  emergent  polarization  state  [point  V  in 
Fig.  2(b)]  is  rotated  by  90°  compares  to  the  incident  linear 
polarization  state  [point  H  in  Fig.  2(b)].  Therefore,  the  tr^s- 
mission  is  almost  100%  in  the  wavelength  range  from  450  to 
700  nm.  For  a  single  TN  cell,  the  transmission  approaches 
100%  for  short  wavelengths.  This  is  because  for  short  wave¬ 
lengths,  the  system  is  closer  to  the  Mauguin  limit.  For  longer 
wavelengths,  the  transmission  decreases  due  to  the  difference 
in  the  emergent  polarization  state  for  different  wavelengths. 

The  LC  cells  used  in  the  earlier  experiments  were  fabn- 
catpd  in  our  laboratory.  Glass  plate  was  first  coated  with  a 
thin  layer  of  polybutylene-terepthallate  as  an  alignment  layer 
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and  rubbed  unidirectionally  to  define  the  direction  of  the 
directors  at  the  surfaces.  The  glass  plates  were  then  cut  into 
two  pieces.  Glass  fiber  spacers  and  ultraviolet  curable  epoxy 
were  used  to  assemble  the  glass  plates  into  a  TN  cell.  When 
assembled,  the  thickness  of  the  TN  cell  is  maintained  at  1.9 
/rm.  The  LC  material  was  inserted  into  the  cell  in  its  isotro¬ 
pic  phase  by  the  capillary  action.  The  retardations  of  the  two 
homogeneous  cells  can  be  adjusted  by  applying  a  square 
wave  voltage  (1  kHz)  across  the  samples.  Light  from  a  vis¬ 
ible  to  near-infrared  light  source  (400-750  nm)  was  polar¬ 
ized  by  a  broadband  linear  polarizer.  The  light  was  passed 
through  the  device  and  the  analyzer  before  it  was  coupled 
into  the  detector  of  a  spectrometer.  As  Fig.  3(b)  shows,  the 
transmission  is  similar  to  our  calculated  results.  The  small 
wiggles  in  the  transmission  spectra  are  due  to  the  Fabry- 
Perot  effects  results  from  the  index  mismatch.  The  overall 
intensity  is  lower  than  the  calculated  results,  since  our  cal¬ 
culations  did  not  consider  losses  in  the  device  due  to  the 
reflection  and  the  scattering  of  light.  The  results  clearly  show 
that  although  a  single  TN  cell  can  rotate  the  linear  polariza¬ 
tion  state  of  light  for  short  wavelengths,  the  polarization  state 
of  light  cannot  maintain  as  linear  for  longer  wavelengths.  On 
the  other  hand,  if  we  use  the  configuration  shown  in  Fig. 
2(a),  then  the  linear  polarization  state  will  be  rotated  by  an 
angle  close  to  the  twisted  angle  of  the  TN  cell  for  a  wide 
range  of  wavelengths. 

In  conclusions,  by  using  the  Poincare  sphere  method,  we 
have  proposed  a  simple  structure  that  is  capable  of  rotating 
the  linear  polarization  state  by  a  certain  angle  for  a  wide 
range  of  wavelengths.  The  device  utilizes  the  eigenmode  of 
die  TN  structure.  Theoretical  and  experimental  results  show 
that  a  single  thin  TN  cell  can  only  rotate  the  linear  polariza¬ 
tion  state  for  short  wavelengths.  However,  by  adding  two 
compensating  homogeneous  waveplates,  a  thin  TN  cell  is 
capable  of  achieving  the  achromatic  linear  polarization  rota¬ 
tion  for  a  wide  range  of  wavelengths. 
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We  have  investigated  the  alignment  properties  of  liquid  crystals  induced  by  multiple  rubbing  of  the 
surfaces  m  different  directions.  Experiments  were  carried  out  using  homeotropic  and  hybrid-digned 

that  the  alignment  of  the  liquid  crystals  is  along  neither  of  the 
fhP  H  ^rections  but  instead  lies  along  an  axis  intermediate  between  these  two  directions,  and  that 
the  direction  depended  on  the  relative  strength  of  rubbing  along  the  two  axes.  A  model  that  assumed 
Ae  grooves  ^ong  two  rubbing  directions  is  proposed,  and  the  relation  between  the  orientation  of  the 
liquid  costal  and  the  relative  rubbing  strength  is  analyzed.  We  found  that  this  model  can  explain  the 
observed  expenmental  results.  ©  2000  American  Instiiute  of  Physics.  [50003-6951(00)02330-5] 


It  is  well  known  that  unidirectional  mbbing  of  surfaces 
produces  well-aligned  samples  for  nematic'  as  well  as  smec¬ 
tic  liquid  crystal  (LC).  Much  research  has  been  devoted  to 
developing  methods  of  alignment  and  understanding  of  the 
alignment  process  itself. Most  generally,  the  alignment  is 
produced  by  unidirectional  rubbing  of  the  surfaces  that 
causes  the  director  to  orient  along  the  rubbing  direction  at 
the  surface  and  through  elastic  forces  causing  the  bulk  to 
align  as  well. 

Our  focus  is  to  investigate  the  effect  of  multiple  rubbing 
on  the  alignment  of  liquid  crystals.  In  particular,  to  investi¬ 
gate  the  correlation  between  the  strength  of  the  different  rub¬ 
bing  axes  and  the  orientation  angle  of  the  LC.  Conventional 
knowledge  suggests  that  the  last  rubbing  determines  the 
alignment  of  the  LC,  and  that  the  LC  molecules  will  be 
aligned  along  the  direction  of  the  last  rubbing.  However,  as 
shown  in  this  letter,  this  is  true  in  the  case  when  the  second 
rubbing  is  much  stronger  than  the  first  rubbing  along  differ¬ 
ent  directions.  In  order  to  carry  out  this  investigation  system¬ 
atically,  we  have  limited  the  rubbing  to  only  two  directions 
while  changing  the  rubbing  strengths  for  each  of  these  two 
directions.  Based  on  a  simple  intuitive  model,  we  expect  that 
the  alignment  of  the  director  should  be  at  some  angle  that 
lies  between  the  two  rubbing  axes,  which  is  found  to  be  the 
case  in  our  investigation. 

In  general,  there  are  two  mechanisms  to  explain  the  pla¬ 
nar  alignment  on  the  rubbed  surface;  the  groove  model^  and 
the  orientation  of  the  polymer  chains.^  In  previous  studies,  it 
was  reported  that  the  grooves  alone  are  insufficient  to  pro¬ 
vide  planar  alignment."'  Nevertheless,  it  appears  that  grooves 
do  play  an  important  role  in  explaining  the  alignment  of  the 
rubbed  surface.  In  a  study  of  tilted  homeotropic  alignment,  it 
was  reported  that  microgrooves  were  formed  along  the  rub- 
bing  direction.  Recently,  it  was  found  that  the  groove  profile 
produced  by  a  rubbing  process  is  closely  related  to  the  sur¬ 
face  profile  of  the  fiber  of  the  rubbing  cloth.* 

In  the  present  study,  we  first  focus  on  the  alignment  of 
the  LC  on  a  rubbed  homeotropic  surface.  Instead  of  a  unidi¬ 
rectional  rubbing,  we  attempted  a  multidirectional  rubbing  of 
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the  homeotropic  surface.  The  homeotropic  surface  was  se¬ 
quentially  mbbed  in  two  different  directions.  The  sample 
was  examined  by  using  a  polarizing  microscope.  It  is  found 
that  the  alignment  of  the  liquid  crystals  is  not  along  either  of 
the  rubbing  directions  but  instead  lies  along  an  axis  interme¬ 
diate  between  these  two  directions,  and  that  the  orientation 
of  the  LC  depends  on  the  ratio  of  the  rubbing  strengths  of  the 
two  nibbing  directions.  In  the  latter  part  of  the  letter,  we 
propose  a  theoretical  model  that  assumes  sinusoidal  grooves 
that  are  created  along  two  rubbing  directions.  Using  this 
analysis,  we  obtained  a  relation  between  the  orientation  of 
the  LC  and  the  strengths  of  the  two  rubbing  axes,  which 
showed  good  agreement  with  the  experimental  results. 

To  promote  vertical  alignment,  JALS-204  (Japan  Syn¬ 
thetic  Rubber  Co.)  was  coated  on  indium-tin-oxide  (ITO)- 
coated  glass  plates.  The  LC  cell  was  constructed  using  two 
substrates:  one  substrate  was  rubbed  in  multidirections  while 
the  other  one  was  not  rubbed.  To  control  the  rubbing 
strength,  we  used  a  rubbing  machine  equipped  with  a  rotat¬ 
ing  roller  and  a  glass-holding  stage  that  moves  below  the 
roller.  Rubbing  pressure,  the  revolutions  per  minute  of  the 
roller,  and  the  speed  of  the  stage,  were  fixed  as  constants 
throughout  the  exjjeriments.  The  rubbing  strength  was  in¬ 
creased  by  increasing  the  cumulative  number  of  rubs.  One 
can  expect  that  the  rubbing  strength  should  be  proportional 
to  the  cumulative  number  of  rubs  as  demonstrated  in  a  pre¬ 
vious  study.’ 

In  our  experiments,  the  following  process  was  used  to 
rub  the  substrate  in  multiple  directions.  First,  the  substrate 
was  placed  on  the  moving  stage,  and  it  was  rubbed  in  one 
direction  (along  the  y  axis)  by  m  times.  After  this  was  com¬ 
pleted.  the  substrate  was  rotated  by  90”,  and  it  was  rubbed 
along  the  x  axis  by  n  times.  Then,  the  LC  cell  was  con¬ 
structed  by  assembling  this  substrate  and  another  substrate 
that  was  not  rubbed.  The  cell  thickness  was  measured  to  be 
10  fim.  The  cell  was  filled  by  a  capillary  action  with  LC 
material,  ZLI-4302  from  E.  Merck,  which  has  a  negative 
dielectric  anisotropy.  A  square-wave  voltage  was  applied  to 
the  sample,  and  the  texture  of  the  sample  was  observed  with 
the  use  of  a  polarizing  microscope. 

In  the  absence  of  a  field,  the  cell  showed  a  vertical  align- 
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FIG.  1.  Photographs  of  the  homeotropic  samples.  A  square-wave  voltage 
(10  V  100  Hz)  was  applied  to  die  samples.  (m,n)  represents  the  cumulative 
numbers  of  tubs  along  the  y  and  x  axes.  The  samples  were  placed  between 
cross  polarizers  with  one  of  the  polarizeis  parallel  to  the  x  aws.  A  m 

the  brighmess  of  the  texture  is  an  indication  of  the  change  of  the  onentauon 
of  the  LC  molecules  with  (m,n).  The  arrows  indicate  the  onentaUon  of 
the  LC. 


ment.  As  the  voltage  was  increased  above  the  Frederick  tran¬ 
sition  voltage,  the  LC  directors  graduaUy  moved  from  a  ver¬ 
tical  to  a  planar  alignment.  If  the  LC  directors  aligned  along 
one  of  the  rubbing  directions,  the  sample  would  show  a  dark 
state  that  was  independent  of  the  applied  voltage  when 
placed  between  cross  polarizers  with  one  polarizer  parallel  to 
one  of  the  rubbing  axes.  However,  the  dark  state  was  not 
observed.  Instead,  the  sample  showed  a  light  transmission, 
which  indicated  either  that  the  sample  was  twisted  or  that  the 
optical  axis  of  the  sample  was  at  an  angle  that  deviated  froin 
the  rubbing  direction.  However,  extinction  was  observed 
when  the  sample  was  rotated  by  an  angle,  which  suggested 
that  the  director  axis  lay  in  between  the  two  rubbing  axes. 
Both  the  rubbing  directions  (the  x  and  y  axes)  had  an  effect 
on  the  alignment  of  the  LC  molecules.  To  control  the  rub¬ 
bing  strength,  the  cumulative  number  of  rubs  was  varied 
from  1  to  4.  One  substrate  was  mbbed  with  various  combi¬ 
nations  of  the  cumulative  number  of  rubs  (/w,n),  where  m 
and  n  were  the  cumulative  numbers  of  rubs  along  y  and  x 
axes,  respectively.  Figure  1  shows  the  textures  of  the 
samples  with  a  sequence  of  {m,n).  The  voltage  applied  to  the 
samples  was  10  V  with  a  frequency  of  100  Hz. 

By  totaling  the  sample  in  the  presence  of  a  field,  we 
were  able  to  measure  the  extinction  angle  at  which  the 
sample  became  a  dark  state  with  resect  to  the  x  or  y  axis. 
The  deviation  angle  was  found  to  be  invariant  to  the  magni¬ 
tude  of  the  applied  voltage  of  as  much  as  40  V.  Figure  2 
shows  the  deviation  angles  for  the  samples  of  various  com¬ 
binations  of  (m,n)  as  a  function  of  the  ratio  nim.  The  devia¬ 
tion  angle  decreases  as  the  n/m  increases,  and  the  angle  con¬ 
verges  to  0°  as  n/m  approaches  infinity. 

The  results  show  that  for  a  finite  cumulative  number  of 
rubs,  the  aligning  effect  of  the  first  rubbing  direction  cannot 
be  ignored.  The  results  also  show  that  in  order  to  align  the 
LC  molecules  along  the  last  rubbing  direction,  one  has  to 
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TO.  2.  Dependence  of  the  deviation  angle  on  the  ratio  of  the  cumul^ve 
lumher  of  mbs  n/m  in  homeotropic  samples.  A  square-wave  voltage  (10  , 
100  Hz)  was  applied  to  flie  samples.  The  inset  shows  the  relation  of  1/tan  a 
o  nIm.  This  relation  is  obtained  from  the  model  that  assumes  sinusoiiM 
pooves  that  are  created  along  the  x  and  y  axes.  The  ^ 

iolid  line  represent  the  experimental  and  fitted  results.  The  fitted  results  are 


apply  several  rubs  in  the  direction  of  the  last  rubbing.  This 
fact  can  be  critical  to  the  alignment  of  the  tilted  homeotropic 
surface,  especially  when  it  is  used  in  domain-dividing  tech- 
nology. 

Thus  far,  this  letter  has  focused  on  the  alignment  of  me 
LC  in  the  sample  with  the  rubbed  homeotropic  surface.  We 
now  explore  the  planar  surface.  In  this  smdy,  we  have  chosen 
to  use  one  homogeneous  substrate  that  was  rabbed  in  mul¬ 
tiple  directions  and  a  homeotropic  substrate  that  was  not 
rubbed.  For  this  experimenL  poly{l,4-butylene  terephthalate) 
was  coated  onto  the  ITO  glass  plate  to  promote  a  planar 
aiigtrmpni  The  substrate  was  rubbed  using  the  same  method 
as  described  above.  To  promote  vertical  alignment,  an  m- 
rabbed  JALS-204  surface  was  used  as  another  substrate.  The 
cell  gap  was  measured  to  be  10  fun.  The  LC  material  ZLI- 
4302  was  filled  into  the  cell  as  before.  Figure  3  shovvs  the 
textures  of  the  hybrid-aligned  nematic  (HAN)  samples  in  the 
absence  of  a  field  for  various  combinations  of  (m,n).  As  m 
the  case  of  the  homeotropic  samples,  the  direction  of  the 
alignment  continuously  changes  with  the  ratio  nim.  The  tex¬ 
ture  becomes  dark  at  a  larger  value  of  nim.  The  deviation 


HG.  3.  Photograi*s  of  the  HAN  samples  in  the  absence  of  a  fieli  (/^) 
represents  flie  comulative  numbers  of  nibs  along  flie  y  and  fte  x  axes.  The 
sMples  were  placed  between  cross  polarizers  with  one  of  *e  polarizers 
parallel  to  the  x  axis.  The  arrows  represent  the  orientations  of  the  LC. 
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FIG.  4.  Dependence  of  the  deviation  angle  on  the  ratio  of  the  cumulative 
numbers  of  nibs  n/m  in  the  HAN  samples.  The  inset  shows  the  telation  of 
1/tan  a  to  n/m.  The  open  circles  and  the  solid  line  represent  the  experimen¬ 
tal  and  fitted  results.  The  fitted  results  are  1/tan  a=4.82(n/m). 

angles  of  the  samples  were  measured  in  the  absence  of  a  field 
as  a  function  of  n/m.  As  shown  in  Fig.  4,  the  angle  decreases 
as  n/m  increases.  These  results  are  similar  to  those  for  the 
homeotropic  samples. 

In  the  following,  we  attempted  to  analyze  the  relation 
between  the  rubbing  strengths  of  two  rubbing  axes  and  the 
orientation  of  the  LC  molecules.  Our  approach  is  based  on 
the  supposition  that  there  are  two  forces  that  will  determine 
the  overall  direction  of  the  alignment  of  the  LC.  In  1972, 
Berreman  suggested  that  the  planar  alignment  relies  on  the 
grooves  or  scratches  on  the  substrate  created  by  rubbing.^  In 
his  work,  the  energy  needed  to  align  the  LC  molecules  per¬ 
pendicular  to  the  groove  is  calculated  with  the  use  of  a 
sinusoidal-wave  groove  on  the  surface.  It  has  been  assumed 
that  in  a  finite  cumulative  number  of  rubs,  the  grooves  cre¬ 
ated  by  the  first  rubbing  cannot  be  completely  destroyed.  Our 
model  assumes  sinusoidal  boundary  conditions.  This  is  a 
simple  consequence  of  analysis  of  the  surface  using  Fourier 
series.  The  grooves  on  the  surface  can  be  represented  as  a 
series  of  sinusoidal  functions.  To  the  first  approximation  we 
have  chosen  only  one  term  due  to  the  reason  of  simplicity. 
Thus,  in  the  framework  of  this  oversimplified  model,  al¬ 
though  the  degree  of  rubbing  does  not  exactly  correspond  to 
the  spatial  frequency,  this  is  a  reasonable  assumption  indica¬ 
tive  of  the  strength  of  rubbing.  Therefore,  we  suppose  that 
there  exist  microgrooves  along  the  x  and  y  axes  on  the  sur¬ 
face,  which  is  described  as 

z=A_^  sin  sin  (I) 

The  director  of  the  LC  is  represented  as 
(cos  0COS  <f>,cos  Osin  cf>,sm  0),  where  0  is  a  tilt  angle  mea¬ 
sured  from  the  xy  plane,  and  is  an  azimuth  angle  measured 
from  the  x  axis.  We  assumed  that  S  is  a  function  of  x,  y,  and 
z,  and  (f)  a  constant  independent  of  the  coordinates. 

In  an  approximation  of  a  one  elastic  constant,  the  free- 
energy  density  of  the  nematic  LC  is  described  as  / 

—  Ar{(cos  ^fl,-Fsin  ^0^^+  where  is  an  elastic  constant. 
The  subscripts  denote  the  partial  derivative  with  respect  to 
the  coordinates.  Using  the  Euler-Lagrange  equation,  the 
equation  of  motion  is  obtained  as 

cos^  + sin^  0yy  -f  sin  2  <6  -f  0,^  =  0.  (2) 
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The  LC  molecules  on  the  grating-like  boundary  align  along 
the  tangential  or  perpendicular  direction  of  the  surface  in  a 
planar  or  homeotropic  alignment,  respectively.  A  solution  to 
this  differential  equation  that  matches  the  boundaiy  condi¬ 
tion  Eq.  (1)  is  obtained  as  (?(x,y,z)=A  sin(^^+9  y) 
Xexp(-^z),  where  P=q,co?.(t>+qySm<j>  snd  A  is  a  con¬ 
stant.  Using  the  solution  obtained  above,  the  total  free  energy 
per  unit  area  was  calculated  as  F=Sgfdz  =  KA^/3/2.  By 
minimizing  this  free  energy  with  respect  to  <^,  the  azimuth 
angle  was  obtained,  satisfying  the  relation  l/tan  <f>=qjqy. 
This  relation  shows  that  the  orientation  of  the  LC  on  the 
surface  that  is  rubbed  in  multiple  directions  depends  on  the 
density  of  the  grooves  in  different  directions  created  by  the 
rubbing  process. 

Based  on  this  model,  we  attempted  to  numerically  fit  the 
experimental  data  using  the  relation  Xan  <j)=qylq^.  By  in¬ 
creasing  the  cumulative  number  of  rubs,  it  is  possible  to 
make  more  scratches  or  grooves  on  the  surface,  which  in¬ 
creases  the  density  of  the  grooves.  The  increase  of  grooves 
can  be  represented  by  adding  more  sinusoidal  functions  with 
different  spatial  frequencies  to  Eq.  (1).  In  the  first-order  ap¬ 
proximation,  we  assumed  that  the  density  of  the  groove  is 
represented  by  a  spatial  frequency  of  a  single  sinusoidal 
boundary.  As  the  insets  of  Figs.  2  and  4  show,  the  value  of 
l/tana  is  indeed  linearly  proportional  to  n/m.  Thus,  the 
simple  model  appears  to  be  a  fairly  good  representation  of 
the  multiple  rubbing  of  the  surface.  From  the  experimental 
results,  we  can  conclude  that  the  effect  of  two  rubbings  de¬ 
pends  on  the  order  in  which  the  rubbing  was  carried  out.  For 
(/n,/i)  =  (l,l),  the  direction  is  not  along  the  bisector  of  the 
two  rubbing  directions,  but  is  biased  towards  the  second  rub¬ 
bing  direction.  The  order  of  rubbing  seems  to  introduce  a 
bias  of  a  factor  of  3  in  the  homeotropic  sample  and  5  in  the 
HAN  sample  shown  in  the  insets  of  Figs.  2  and  4.  This  is 
because  some  of  the  grooves  created  by  the  first  rubbing  are 
erased  by  the  second  rubbing. 

In  conclusion,  we  have  investigated  the  alignment  of  LC 
molecules  in  homeotropic  and  HAN  samples,  which  have 
one  substrate  that  is  rubbed  in  multiple  directions.  We  inves¬ 
tigated  the  orientation  of  the  LC  in  the  samples  which  were 
rubbed  at  various  rubbing  strengths.  Our  experiments  show 
that  after  the  multidirection  rubbing,  both  of  the  rubbing  di¬ 
rections  have  an  effect  on  the  alignment  of  the  LC.  The 
observed  results  are  adequately  explained  with  the  use  of  the 
model  that  assumes  the  grooves  that  are  created  along  two 
rubbing  axes. 
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Polarization  States  of  Ferroelectric  Liquid-Crystal  in  a  Twisted  Structure 
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The  twisted  feiroelectric  liquid-crystal  structure  is  investigated  using  a  smectic  liquid-crystal  that  has  a  low  ^  of 

material.  This  twisted  structure  shows  analog  switching  m  a  low  field  regime. 

KEYWORDS;  twisted  ferroelectric,  polarization  state,  Stokes  parameter,  rubbing,  iow  tiit  angle 


Twisted  ferroelectric  liquid-crystal  (TFLC)  has  attracted 
much  interest,  because  it  combines  the  fast  switching  capa¬ 
bilities  of  a  ferroelectric  structure  and  the  analog  switching 
of  a  conventional  twisted  nematic  (TN).  The  TFLC  structure 
has  no  threshold  field  and  is  capable  of  intrinsic  gray  scale. 
Since  its  first  suggestion  in  the  early  1990s,'>  its  electro- 
optical  property  and  switching  mechanism  have  been  exten¬ 
sively  studied.^’*"  Gray  scale  spatial  light  modulators  using  a 
TFLC  structure  have  been  investigated.^- However,  most  of 
these  studies  were  performed  with  the  use  of  high  tilt  angle 
(about  45°)  materials,  which  generally  have  a  cholesteric  to 
smectic  C*  (SmC*)  phase  transition  and  have  no  intervening 
SmA  phase.  Moreover,  the  switching  property  has  been  in¬ 
vestigated  with  the  use  of  a  transmitted  light  intensity  passing 
through  a  sample  placed  between  crossed  polarizers.  In  such 
experiments,  the  twisted  structure  was  verified  by  observing 
the  texture  of  a  sample  using  a  polarizing  microscope. 

In  this  paper,  we  construct  and  provide  a  detailed  analysis 
of  a  TFLC  structure  using  smectic  liquid-crystal  that  has  a 
low  tilt  angle  of  about  25°  in  SmC*  phase  and  also  has  a  SmA 
phase.  The  polarization  property  of  light  passing  through  the 
TFLC  sample  is  studied  using  a  polarimeter,  as  the  sample 
is  rotated  in  the  absence  and  the  presence  of  the  field.  With 
the  use  of  a  simple  model  of  the  TFLC  structure,  the  Stokes 
parameters  of  the  light  passing  through  a  TFLC  cell  were  cal¬ 
culated  and  compared  with  the  experimental  results.  Using 
this  method,  we  verified  that  the  twisted  structure  could  be 
produced  in  these  materials. 

The  liquid-crystal  cells  used  in  this  study  were  made  from 
indium-tin-oxide  coated  glass.  The  glass  was  coated  with 
polyimide,  RN-1155  from  Nissan  Chemical,  and  rubbed  in 
one  direction.  To  produce  a  twisted  structure  using  the  low 
tilt  angle  material,  the  two  glass  substrates  were  assembled 
into  a  cell  such  that  the  angle  between  two  rubbing  axes  was 
50°,  which  is  approximately  twice  of  the  tilt  angle  of  smec¬ 
tic  liquid-crystal  at  room  temperature.  The  measured  sam¬ 
ple  thickness  was  1.8  jzm.  The  cell  was  filled  with  a  com¬ 
mercial  liquid-crystal,  CS1015  obtained  from  Chisso  Corp., 
which  has  a  tilt  angle  of  26°  at  room  temperature. 

To  examine  the  twisted  ferroelectric  alignment,  we  ob¬ 
served  the  texture  of  the  sample  as  a  function  of  the  tem¬ 
perature.  The  sample  was  heated  to  the  isotropic  state,  and 

•Present  address:  YAFO  Networks,  Inc.,  1340  F  CJiaiwood  Road,  Hanover, 
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cooled  to  the  cholesteric  phase.  At  the  onset  of  the  cholesteric 
phase,  domains  that  showed  different  twisted  structures  were 
observed.  This  is  because  the  pitch  of  the  cholesteric  at  the 
transition  temperature  is  long  compared  to  the  sample  thick¬ 
ness  at  this  temperature,  which  results  in  right-handed  and 
left-handed  twisted  domains.  However,  near  the  phase  transi¬ 
tion  temperature  to  the  SmA  phase  (68°C),  one  domain  began 
to  dominate  and  a  single  domain  is  eventually  obtained.  When 
such  a  sample  was  slowly  cooled  to  the  SmA  phase,  a  uniform 
SmA  alignment  was  obtained.  By  measuring  the  extinction 
angle  of  the  sample  which  was  rotated  between  crossed  po¬ 
larizers,  we  found  that  the  smectic  layers  were  aligned  paral¬ 
lel  to  bisector  of  the  two  rubbing  axes.  By  slowly  cooling  the 
sample  to  the  SmC*  phase,  the  twisted  ferroelectric  alignment 
was  observed.  However,  the  sample  had  the  residual  defects 
showing  non-uniform  alignment.  We  applied  a  square  wave 
field  to  the  sample  (10  V,  100  Hz),  and  slowly  cycled  the  tem¬ 
perature  between  room  temperature  and  50°,  while  the  sample 
was  in  SmC*  phase.  This  process  helped  in  removing  most  of 
the  defects  in  the  sample  to  produce  a  well-aligned  sample. 

Figure  1  shows  the  textures  of  the  SmA  and  the  twisted 
SmC*  phases  at  60°C  and  25°C,  respectively.  The  alignment 
process  outlined  above  depends  on  the  liquid-crystal  materi¬ 
als  and  the  material  of  the  alignment  layers.  When  the  same 
method  was  used  to  investigate  other  liquid-crystal  materials, 
CSlOll  and  CS1013  from  Chisso  Corporation,  which  have 
the  same  phase  sequence  as  CS 101 5,  a  similar  twisted  align¬ 
ment  was  achieved.  We  have  also  examined  the  effect  of  the 
alignment  materials. 

Using  poly  (1,4-butylene  terephthalate)  as  the  alignment 
layer,  however,  the  sample  showed  no  evidence  of  the  twisted 
structure.  In  this  case  a  homogeneous  alignment  with  smectic 
layer  tilted  perpendicular  to  one  of  the  rubbing  direction  was 
observed.  When  this  sample  was  cooled  to  SmA  phase  from 
the  cholesteric  phase,  the  smectic  layers  were  observed  to  be 
tilted  perpendicular  to  one  of  the  rubbing  direction.  The  di¬ 
rection  of  the  smectic  layer  did  not  changed  when  the  sample 
was  cooled  to  the  SmC*  phase.  Although  these  experiments 
were  performed  on  a  limited  number  of  samples  and  only  two 
alignment  layers  were  examined,  it  was  found  that  the  direc¬ 
tion  of  the  smectic  layer  in  the  SmA  phase  determine  whether 
twisted  structure  is  obtained  or  not. 

The  primary  focus  of  this  investigation  is  to  attempt  to 
provide  evidence  of  the  twisted  ferroelectric  structure.  We 
developed  a  method  using  the  polarization  of  the  light  as  a 
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probe.  For  linearly  polarized  light  impinging  on  the  sample, 
the  sample  is  rotated  about  the  wave  vector  of  the  incident 
light.  Stokes  parameters  of  the  light  passing  through  the  sam¬ 
ple  are  measured  as  a  function  of  the  rotation  angle  of  the 
sample.  From  this  measurement,  we  can  estimate  the  twist 
angle  and  the  birefringence  of  the  sample. 

The  following  discussion  outlines  the  basic  principle  of  this 
method.  The  Stokes  parameter  of  the  linear  input  light  is  rep¬ 
resented  as  (1,  1,  0,  0)  on  a  Poincare  sphere. If  the  sam¬ 
ple  is  homogeneously  aligned,  then  the  condition  for  the  out¬ 
put  polarization  which  is  identical  to  the  input  polarization 
requires  that  die  liquid-crystal  is  aligned  parallel  or  perpen¬ 
dicular  to  the  input  polarization.  This  requirement  means  that 
the  linear  output  polarization  is  also  represented  as  ( 1 , 1 , 0, 0). 
However,  if  the  sample  has  a  twisted  structure,  then  the  out¬ 
put  polarization  can  also  be  linear,  but  rotated  with  the  input 
polarization  of  light.  On  a  Poincare  sphere  this  point  of  lin¬ 
ear  output  polarization  is  located  on  the  equator  of  the  sphere 
(53  =  0)  and  shifted  from  the  input  polarization  state  located 
at  (1,  1,  0,  0)  by  an  angle  of  ?  (tan^  =  52/5,).  The  actual 
output  polarization  state  depends  on  the  birefringence  and  the 
twist  angle  of  the  sample.  In  the  case  of  TN,  the  condition  for 
a  linear  output  polarization  was  analytically  obtained.’^ 

In  this  section,  we  numerically  obtain  the  general  solution 
of  the  linear  output  polarization  as  a  function  of  the  tilt  angle 
of  SmC*  and  the  birefringence  of  the  sample.  For  the  calcula¬ 
tions,  we  assumed  a  bookshelf  structure,  in  which  the  smectic 
layer  is  perpendicular  to  a  substrate  and  the  axis  of  the  smec¬ 
tic  cone  is  parallel  to  a  substrate.  Using  the  assumption  of 
uniform  twist,  we  calculated  the  angle  f  as  a  function  of  the 
tilt  angle  of  SmC*  for  various  values  of  the  birefringence  of 
the  sample.  As  Fig.  2  shows,  f  has  a  finite  value  for  a  finite 
tilt  angle,  and  it  strongly  depends  on  the  birefringence  of  the 
sample.  However,  as  the  tilt  angle  is  decreased,  ?  converges 
to  zero,  which  means  that  ^  becomes  zero  for  an  untwisted 
structure  as  expected. 

To  model  an  effect  of  electric  field  on  the  TFLC  sample,  we 
introduced  a  simple  model  for  the  twisted  structure,  instead 
of  numerical  calculation  of  the  director  profile  using  mini¬ 
mization  of  the  free  energy  of  the  twisted  SmC*  for  various 
applied  voltages.  We  assumed  that  the  rotation  angle  (^)  of 
director  on  the  cone  is  proportional  to  (z/rf)*,  where  k  is  a 
real  number,  z  is  a  coordinate  along  the  cell  thickness,  and  d 
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Fig.  2.  Numencal  resulls  of  the  deviation  angle  (f)  of  output  linear  po- 
lanzauon  from  (1,  1.  0,  0)  as  a  function  of  the  tilt  angle.  Uniform  twist 
IS  Msumed  and  birefringence  of  the  sample  is  changed  from  200  nm  to 
600  nm. 


is  a  cell  gap.  Using  hard  surface  anchoring,  the  distortion  of 
director  in  the  SmC*  phase  can  be  approximated  by  changing 
the  value  of  k.  Quantitatively,  the  director  profile  obtained 
using  this  method  is  similar  to  the  exact  model  which  is  ob¬ 
tained  by  minimizing  the  free  energy  of  SmC*  liquid-crystal 
in  one  elastic  constant  approximation.  The  results  are  shown 
in  Fig.  3.  To  examine  the  effect  of  a  field  on  the  sample  of 
TFLC,  the  value  of  k  was  changed  from  1  to  100,  and  the  an¬ 
gle  ^  was  calculated  as  a  function  of  the  tilt  angle  of  SmC*. 
The  birefringence  of  the  sample  was  chosen  as  250  nm.  Fig.  4 
shows  that  as  k  is  increased,  the  deviation  angle  f  is  drasti¬ 
cally  decreased.  Although  the  solution  for  the  linear  output 
polarization  is  obtained  numerically,  this  study  suggested  that 
by  measuring  the  deviation  angle  |  of  the  TFLC  sample,  we 
could  verify  the  existence  of  twisted  structure  and  estimate 
the  distortion  of  the  twist  in  the  presence  of  a  field. 

For  a  TFLC  sample  using  CS1015,  the  Stokes  parameters 
at  each  rotation  angle  of  the  sample  were  measured  using  a 
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Fig.  3.  An  example  of  director  profiles  of  TFLC  structure  as  a  fuiKtion  of 
a  field.  Symbols  represent  the  director  profiles  obtained  by  minimizing  the 
free  energy  of  the  twisted  SmC'  for  various  applied  voltages.  For  these 
calculations,  we  assumed  that  elastic  constant  is  20  x  10  N  (one  elas¬ 
tic  constant  approximation),  tilt  angle  is  26°,  spontaneous  polarization  is 
6.6  X  10“^  C/m",  and  cell  thickness  is  5.5  /Am.  Solid  lines  represent  the 
numerical  results  of  the  approximate  model,  <lr  =  n(z/d)'‘.  The  coiie- 
sponding  values  of  k  are  1.0,  2.5,  4,1,  6.5,  9.0,  and  14.0  for  the  applied 
voltages  of  0  V,  2  V,  4  V,  8  V,  1 6  V  and  32  V,  respecuvely. 


Fig.  4.  Numerical  results  of  the  deviation  angle  (?)  of  output  linear  polar¬ 
ization  from  (1,  1, 0, 0)  as  a  function  of  the  tilt  angle.  The  value  of  k  is 
changed  from  1  to  100  to  examine  the  effect  of  field  on  the  T^C  sample. 
K  =  I  means  a  uniform  twist  and  a  homogeneous  state  is  achieved  at  large 
value  of  *.  The  inset  shows  the  director  profile  as  a  function  of  z  at  the 


pie,  and  in  doing  so  they  foim  an  eight-shaped  curve.  The 
point  at  which  the  eight-shaped  curve  meets  the  equator  is 
shifted  from  (1, 1, 0, 0),  which  indicates  that  the  sample  has  a 
twisted  structure  in  the  absence  of  a  field. 

To  examine  the  Stokes  parameters  during  the  switching  of 
the  TFLC,  we  applied  an  electric  field  to  the  sample.  Open 
circles  in  Figs.  5(b),  5(c),  and  5(d)  show  the  measured  re¬ 
sults  for  2V,  5V,  and  20  V,  respectively.  The  results  show 
two  clear  trends:  (i)  the  size  of  the  eight-shaped  curve  get 
larger  with  field,  and  (ii)  the  point  at  which  the  eight-shaped 
curve  meets  the  equator  moves  toward  (1, 1,  0,  0)  with  field. 

At  the  voltage  of  20  V,  the  curve  meets  the  equator  nearly  at 
(1,  1,  0,  0),  which  indicates  that  the  liquid-crystal  directors 
are  almost  aligned  in  one  direction  without  a  twist. 

In  the  following,  we  compared  the  observed  results  with 
the  expected  behavior  of  the  calculated  results.  Since  there  is 
no  analytic  solutions  in  the  TFLC  geometry,  we  attempted  nu¬ 
merical  calculations.  We  expected  that  the  birefringence  and 
twist  of  the  sample  could  be  estimated  ifom  the  comparison 
between  the  numerical  calculations  and  the  observed  experi¬ 
mental  results. 

In  a  twisted  structure,  since  the  director  is  confined  on  a 
cone,  the  tilt  angle  (9)  and  the  twist  angle  (4>)  change  simul¬ 
taneously  as  the  director  rotates  along  the  cone.  Let  a  is  the 
tilt  angle,  and  rjz  is  the  rotation  angle  of  the  director  on  a  cone 
from  the  plane  parallel  to  the  substrate.  Then,  the  tilt  and  twist 
angles  are  given  by  the  relationship  of  sinS  =  sin  a  sin  ^  and 
tam^  =  tan  a  cos  Vf.  For  numerical  calculations  the  sample 
is  divided  into  several  layers,  and  V'  is  assumed  to  be  a  con¬ 
stant  for  each  layer.  The  output  polarization  of  light  passing 
through  the  sample  was  calculated  by  using  the  Jones  matrix 
of  the  sample,  which  is  the  same  method  that  is  used  to  calcu¬ 
late  the  optical  property  of  TN.  The  incident  polarized  light 
was  assumed  to  be  linear,  and  Stokes  parameters  were  calcu¬ 
lated  as  a  sample  rotation  angle  which  was  varied  between  0 
and  w.  In  the  absence  of  a  field,  we  assumed  a  uniform  twist 
(it  =  1  in  an  approximate  model).  Table  1  summarizes  the  pa¬ 
rameters  used  for  the  calculaUon  and  compared  with  the  cell 
parameters  used  for  experiment.  The  solid  line  in  Fig.  5(a) 
shows  the  results  of  the  numerical  calculations.  The  excellent 
agreement  between  the  experimentally  obtained  results  and 
the  calculated  results  using  a  twisted  smectic  structure  pro¬ 
vide  strong  evidence  that  the  sample  exhibits  a  twisted  smec¬ 
tic  structure. 

We  also  performed  numerical  calculations  to  fit  the  exper¬ 
imental  results  in  the  presence  of  a  field  using  the  approxi¬ 
mate  model,  ^  =  7r(z/d)*,  to  calculate  the  director  profile. 
The  same  cell  parameters  shown  in  Table  I  were  used,  and  the 
value  of  k  was  changed  to  give  an  effect  of  field  on  the  TFLC 
sample.  The  parameter  k  determines  the  curvature  of  the  twist 
distortion.  At  large  value  of  k,  the  stracture  is  nearly  the  same 
as  the  homogeneous  alignment.  The  solid  lines  in  Figs.  5(b), 


various  values  of  k. 


Hewlett-Packard  HP8509B  lightwave  polarization  analyzer. 
The  wavelength  used  for  this  measurement  was  1547nm. 
Figure  5(a)  (open  circle)  shows  the  measurement  results  in 
the  absence  of  a  field.  Stokes  parameters  are  drawn  on  a 
Poincare  sphere  as  a  function  of  a  rotation  angle  of  the  sam- 


Table  1.  The  parameters  used  for  experiment  and  calculation. 


Parameter  Experiment 


Calculation 


LC 

Tilt  angle 
An  (1547  nm) 
Cell  gap  (nm) 


CS1015 

26° 

0.133 

1.8 


25° 

0.133 

1.85 
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sample  is  (a)  0  V,  (b)  2  V  (c)  5  V  (d)  20  V  The  deviaiinn  an  i  a  results,  respectively.  The  applied  voltage  to  the 

(1.  1  0,  0)  is  (a)  6  57».  (i.)  5  59“.  (c)  3  oI^ ^dwTl  9™,  '  aad 


5(c),  and  5(d)  show  the  numerical  results.  The  fitted  k  values 
were  2.8,  5.5,  and  11.0  for  applied  voltage  of  2  V,  5  V,  and 
20  V,  respectively.  Although  we  used  an  approximate  model, 
the  numerical  results  are  well  fitted  to  the  measured  results. 
The  twist  distortion  of  TFLC  in  the  presence  of  a  field  is  es¬ 
timated  from  the  fitted  value  of  K.  From  these  studies,  it  was 
found  that  at  a  low  field  regime,  the  twist  distortion  is  propor¬ 
tional  to  the  field  strength,  which  shows  the  possibility  of  a 
gray  scale. 

In  conclusion,  we  have  investigated  the  TFLC  structure  us¬ 
ing  a  ferroelectric  liquid-crystal  that  has  a  low  tilt  angle  and  a 
SmA  phase.  The  twisted  ferroelectric  alignment  was  achieved 
in  a  cell  of  twisted  structure.  We  have  provided  conclusive 
evidence  for  the  twisted  ferroelectric  structure  by  measuring 
Stokes  parameters  passing  through  the  sample.  By  using  a 
simple  model  and  numerical  calculations,  we  determined  that 
the  TFLC  sample  has  a  twisted  structure,  and  that  the  twist  is 


gradually  distorted  with  an  external  field  showing  an  analog 
switching.  ^ 
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